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„Vervielfältigung bedeutet das Ende von Vielfalt.“ 
MICHAEL RICHTER 
(Einspruch, Halle (Saale): Mitteldeutscher Verlag, 2009, S. 25) 
 
„Es hatte aber alle Welt einerlei Zunge und Sprache. Als sie nun von Osten aufbrachen, 
fanden sie eine Ebene im Lande Schinar und wohnten daselbst. Und sie sprachen 
untereinander: Wohlauf, lasst uns Ziegel streichen und brennen! – und nahmen Ziegel als 
Stein und Erdharz als Mörtel und sprachen: Wohlauf, lasst uns eine Stadt und einen Turm 
bauen, dessen Spitze bis an den Himmel reiche, damit wir uns einen Namen machen; denn wir 
werden sonst zerstreut über die ganze Erde.“ 
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Hoch-Durchsatz-Sequenzierungsverfahren wie NGS (Next Generation Sequencing) ist in 
ökologischen Untersuchungen und Biomonitoring als Methode einsetzbar, um große 
Probenentnahmegebiete und Probenzahlen zu parallelisieren. Bei der Untersuchung von sehr 
kleinen einzelligen Protisten wird diese Methode am besten als eine Kombination aus 
morphologisch-kulturbasierten und molekularen Techniken verwendet, damit die Defizite der 
jeweils anderen Methode ausgeglichen werden können. Das molekularen Verfahren, wurde 
jedoch bis jetzt oft als eigenständige Methode verwendet – daher sind die Verzerrungs- und 
Einschlusskriterien der NGS-Ergebnisse umso wichtiger. Aus diesem Grund konstruierten wir 
eine eigene Pipeline mit sehr konservativen Kriterien, damit sowohl sehr spezifische 
(Einzigartige Einzelne Sequenzen, Unique Individual Reads - UIRs) als auch generellere 
(Clustern in Operationelle Taxonomische Einheiten, Operational Taxonomic Units - OTUs) 
Treffer zur nächsten Referenzsequenz in der Protist Ribosomal Reference (PR2) –Datenbank 
innerhalb paarweise ähnlicher Sequenzen-Schwellenwerte zu erhalten. Die Ergebnisse sind 
mit ähnlichen Studien vergleichbar, allerdings insofern einzigartig, dass eine detaillierte 
Analyse der ursprünglichen Sequenzen mit Umweltsequenzen aus anderen Studien direkt 
vergleichbar sind, um die Biogeographie der unbekannten Diversität zu vergleichen. Obwohl 
nur wenige Sequenzen (~1%) genau zu Protisten-Referenzsequenzen passten, wurden mit 
Schwellenwerten von Sequenz-Ähnlichkeiten eine große verborgene Diversität ohne 
Repräsentanten in der PR2-Datenbank festgestellt. In dieser Dissertation wird die erste Taxa-
Areal-Beziehung für Protisten in der Mesoskala (1 – 1000 km Entfernung zwischen 
Probenahmestellen) beschrieben, die unerwarteterweise größeren Tier- und Pflanzenarten 




Taxa-Flächenarten wurde mit zunehmender Landnutzungsintensität (land-use intensity LUI - 
Weidevieh, Mähen und Düngung) geringer. 
Durch die Kombination des Protisten-Datensatzes für die 150 Grünlandstandorte in 
der Mesoskala mit georeferenzierten Daten für insgesamt 12 unter- und oberirdische 
trophische Gruppen konnte eine echte multitrophische Homogenisierung gemessen werden, 
wenn sich die Diversität mit der Intensivierung der Landnutzung verändert. Die 
Hauptschlussfolgerung dieses multitrophen Diversitätsvergleichs war, dass die α-Diversität in 
unterirdischen Taxa mit einer erhöhten Landnutzung im Vergleich zu einer Abnahme der α-
Diversität von oberirdischen Taxa zunahm, obwohl in beiden Fällen eine Homogenisierung 
stattfand. 
Erneut wurde der georeferenzierte Grünland-Bodenprotisten-Datensatz in zwei 
weiteren Multifunktionalitätsstudien, Artenreichtum und Abundanz für neun unter- und 
oberirdische trophische Gruppen verglichen und zwei weitere erstaunliche Entdeckungen 
gemacht. Einerseits hatten die ober- und unterirdischen Arten gegensätzliche funktionelle 
Effekte, bei denen die seltenen Arten eher als die gewöhnlichen Arten mit einem erhöhten 
Ökosystem funktionieren und in ihrer Abundanz mit der Landnutzungsintensivierung 
abnahmen. Basierend auf einem angenommenen funktionellen Abwägungsprinzip bei seltenen 
Arten gehen wir davon aus, dass eine große Vielfalt an seltenen Arten mehr Vorteile für die 
Multifunktionalität bietet als eine große Vielfalt an verbreiteten Arten, unabhängig von der 
Intensivierung der Landnutzung und der untersuchten Region. Zweitens bietet der 
kombinierte multitrophische Reichtum eine bessere Erklärung für die Wirkung auf 14 
Ökosystemvariablen (Dienstleistungen) als jede einzelne trophische Gruppe alleine, wo die 
kombinierte Bereitstellung von Diensten und Funktionen in trophischen Gruppen stärker war, 
wenn die Diversität hoch war. Dies unterstreicht nicht nur die funktionelle Bedeutung der 
Biodiversität, sondern auch den Fehler, der mit Analysen auf der Basis einzelner trophischer 




Ein genauerer Blick auf die Vielfalt der gut dokumentierten monophyletischen Ciliaten 
und die vergleichbar weniger gut studierten polyphyletischen heterotrophen Flagellaten im 
Bodenprotisten-Datensatz deuteten in beiden Fällen auf eine große verborgene Vielfalt 
innerhalb der seltenen Arten hin. Die meisten UIRs mit 100 % paarweiser Identität stimmten 
eher mit anderen Umweltsequenzen als mit morphologisch beschriebenen Arten überein. 
Phylogenetische Analysen wiesen darauf hin, dass selbst UIRs, die den beschriebenen 
Referenzarten sehr nahe kamen, Varianten sein konnten, da sie eine individuelle 
Biogeographie aufwiesen. Eine weitere große verborgene Gemeinschaft könnte anhand einer 
unbekannten Umwelt-Diversität in der Referenzdatenbank (PR2) und der bereits 
renommierten "seltenen Biosphäre" in diesem Datensatz beschrieben werden. Aus dieser 
Studie kann die Schlussfolgerung gezogen werden, dass die Entdeckung von Organismen im 
Boden zusätzlich zu technologischen Mängeln auf die Analysemethode zugeschnitten ist. Des 
Weiteren ist die Wiederfindungsrate der Arten von der ursprünglichen Fundstelle höher als die 










High throughput next generation sequencing (NGS) is a method used in ecological impact 
studies and biomonitoring to survey large sample numbers. When studying very small 
unicellular protists, this methodology is most optimally used in combination with 
morphological culture-based or other molecular techniques, to compensate the shortcomings 
of each method. In most studies to date, it was however used as a standalone method – 
therefore the biases and inclusion criteria of the NGS results become important. For this 
reason, we applied an own pipeline and very conservative criteria to be most inclusive 
(include all Unique Individual Reads – UIRs), but also very conservative (cluster to 
Operational Taxonomic Units - OTUs) within sequence pairwise similarity cut-offs to the 
closest reference sequence in the Protist Ribosomal Reference (PR2) database. The results 
were comparable to other similar studies, but very unique in that a detailed analysis of the true 
sequences was possible, and pyrotags could be compared to environmental sequences of other 
studies to compare the biogeography of the unknown diversity. While only a very few 
sequences (~1%) strictly matched protist reference sequences, pairwise identity inclusion cut-
offs identified a large hidden diversity with no representatives in the PR2 database. In this 
dissertation, the first taxa-area relationship for protists in the mesoscale (1 – 1000 km between 
sampling sites) is described, being unexpectedly more similar to large animal and plant 
species than to other micro-organisms (fungi and bacteria). Taxa-area relationship of species 
overlap was discovered to decrease with increased land-use intensity (LUI – grazing 
livestock, mowing and fertilization).  
 Combining the protist dataset for the 150 grassland sites in the mesoscale with 




multitrophic homogenization could be measured as diversity changes with land-use 
intensification. A major conclusion of this multitrophic diversity comparison was that the α-
diversity in belowground taxa increased with increased land-use, as compared to decreases in 
α-diversity of aboveground taxa, even though in both cases homogenization occurred.  
Once again, including the georeferenced grassland soil protist dataset in two more 
multifunctionality studies, species richness and abundance for nine below- and aboveground 
trophic groups were compared and two more discoveries were made. First of all, the above- 
and belowground species had opposing functional effects, where the rare species rather than 
the common species associated with high ecosystem functioning, and declined in their 
abundances with land-use intensification. Based on a presumed functional trade-off principle 
among rare species, we assume that a high diversity of rare species is more advantageous for 
multifunctionality than a high diversity of common species, irrespective of land-use 
intensification and region studied. Secondly, the combined multitrophic richness had a 
stronger explanatory effect on 14 ecosystem variables (services) than any single trophic group 
alone, where the combined provision of services and functions in trophic groups were 
stronger when diversity was high. This not only underlined the functional importance of 
biodiversity, but also the error associated with analyses based on single trophic groups alone.  
A closer look at the diversity of the well documented monophyletic ciliates and also 
the comparatively less studied polyphyletic heterotrophic flagellates in the soil protist dataset 
indicated a large hidden diversity in the rare species range, in both cases. Most of the pyrotags 
with 100% pairwise identity matched other environmental sequences rather than 
morphologically described species. Phylogenetic analyses indicated that even UIRs that were 
close matches to described refenerence species could be variants, because they displayed an 
individual biogeography. A further large hidden community could be described in terms of an 
unknown environmental diversity in the reference database (PR2) and using the already 




organisms in soil is tailored to the analysis method used, in addition to technological 
shortcomings. Furthermore, the recovery rate of species from the original site of discovery is 









Protists – mostly single-celled eukaryotes - include photosynthetic, heterotrophic free-living 
and parasitic life forms (e.g. Adl et al. 2012). They form an important part of the microbial 
loop in terrestrial systems between bacteria and plants (e.g. Bonkowski 2004; Bonkowski and 
Clarholm 2012), as well as the phytoplankton of the open oceans and biofilms in freshwater 
aquatic systems (e.g. Azam et al. 1983; Arndt et al. 2000). They can feed on bacteria and other 
protists and relay the energy to higher trophic levels, although there are known exceptions to 
this over-simplified scheme (Geisen et al. 2016; Hess et al. 2012). In soils, protist 
communities may influence the growth rate of the aboveground plant species, like grasses, by 
its capacity to selectively graze on rhizobacterial communities and stimulating plant roots 
(e.g. Bonkowski and Clarholm 2012; Bonkowski and Roy 2005). In turn, aboveground human 
activity and environmental parameters have an impact on protist community structures, like 
that of grassland use in commercial farming (e.g. Allan et al. 2014; Gossner et al. 2016). Due 
to their small size, high turnover rate and abundance, protists can easily disperse and collect in 
soil like they do in aquatic sediments, forming a “seedbank” of living and dormant forms 
waiting to populate the environment under favorable conditions (Finlay 2002; Foissner 2006).  
 Protists are recorded to be the most diverse eukaryotes in soil (Mahé et al. 2016), with 
predicted dimensions as high as 85% of all soil taxa (see summary by de Vargas et al. 2015). 
Previous morphological soil surveys from Central European habitats yielded protozoan 
abundances of 1.7 to 12.7 x 104 individuals per gram dry weight (Domonell et al. 2013). 
These protist numbers included typical dominant soil taxa, like amoebae (~50%), cercozoans 
(~32%), stramenopiles (~8%), euglenozoans (~7%), apusozoans (~1%) and ciliates (~0.5%). 




stimulating root growth by releasing nitrogen compounds such as ammonia from the bacteria 
(Bonkowski and Clarholm 2012). Interactions of the belowground to aboveground trophic 
groups are however affected in both directions (vertically) and changes can also be indirectly 
induced. As such, a top-down and bottom-up relationship has been recorded to occur in 
terrestrial systems, between plants and micro-organism species, in that a loss in diversity in 
one trophic level will also affect the other (Scherber et al. 2010). Likewise, bottom-up effects 
can start with the bacterial chemical warfare against predators, where defense mechanisms of 
some prey safeguard their survival and grazers shape their community structure (e.g. Jouset et 
al. 2009). Diversity loss studies incorporating multiple trophic groups are therefore very 
important for our understanding of ecosystem functioning in response to ecosystem variables 
(Allan et al. 2014; Gossner et al. 2016; Soliveres et al. 2016a, b). This protozoa-bacteria-plant 
interactome needs more studying, where molecular, rather than morphological techniques may 
be more successful in future studies. 
 Due to their small size (about 0.002 to 2 mm; e.g. Finlay 2002) protists are 
traditionally studied under the microscope using morphological classification and cultivation 
based methods (e.g. Ekelund and Patterson 1997; Esteban et al. 2006; Foissner et al. 2004). 
These methods are often timeous and require expert taxonomic skill, because some protists 
may be overlooked when they are hidden behind soil particles in culture, dormant forms are 
not always present and most protists are simply uncultivable (e.g. Domonell et al. 2013; 
Ekelund et al. 2002; Foissner 2006). These difficulties led to the use of combined 
morphological and molecular techniques to accurately identify (Brabender et al. 2012; 
Foissner et al. 2004) and classify species based on marker genes, e.g. the 18S rRNA gene (Adl 
et al. 2012; Pawlowski et al. 2012). For this purpose, Sanger reference sequences were 
collected in curated databases (e.g. Protist Ribosomal Reference - PR² data base). In this way, 
the recovery of described species from environmental samples are made possible for meta-




(HTS) technology (Guillou et al. 2013). The challenge now is to combine the semi-
quantitative and biogeographic knowledge associated with HTS reads and the taxonomic 
knowledge of morphological studies. This combined knowledge is needed to gain insight into 
the ecology of protists, e.g. their adaptations to environmental conditions (Boenigk and Arndt 
2002; Bonkowski and Clarholm 2012). In fact, a combination of methods is necessary to 
optimally study species diversity in natural habitats (Jeuck et al. 2017; Schoenle et al. 2016). 
 
High	throughput	sequencing	
HTS is especially powerful in contributing to the knowledge of the unknown diversity 
(Berney et al. 2004), the ecology and distribution of previously isolated reference sequences 
in environmental samples (e.g. Bates et al. 2013; del Campo and Massana 2011; Foissner et 
al. 2014; Geisen et al. 2015). There are, however, a number of pitfalls to HTS that need to be 
addressed, that can cause misinterpretation of the data. One is the fact that only a subgroup of 
the actual diversity is ever retrieved when sequencing an ever insufficient number of 
environmental samples, as is visually portrayed by species accumulation or rarefaction curves 
(Egge et al. 2013; Forster et al. 2016). Finding novel taxa in environmental samples, usually 
indicated by diverging similarity to known reference sequences, is most probably due to 
database shortfalls for the taxon in question (Berney et al. 2004; Forster et al. 2016). And even 
if the taxa that existed in reference databases covered all possible species in environmental 
samples, no single universal barcode primer can cover them all (Pawlowski et al. 2012), 
meaning that one is always limited to some subgroup of the actual community (Hadziavdic et 
al. 2014). All this implies that just because an organism was not detected, does not prove its 
absence in the environment sampled (Berney et al. 2004). 
Only a hand full of comparative molecular surveys using next-generation sequencing 




Geisen et al. 2015; Lara et al. 2011; Lentendu et al. 2014; Mahè et al. 2017), often 
disregarding scaling aspects and in many cases too few samples are taken to rule out 
undersampling. HTS surveys are more often employed to survey large areas of the earth, 
especially aquatic (marine and freshwater) environments (de Vargas et al. 2015; Forster et al. 
2016; Lima-Medez et al. 2015; Medinger et al. 2010; Stoeck et al. 2010). Despite the above 
mentioned pitfalls, HTS is rapid, can accommodate large sample numbers in parallel to cover 
large sampling areas, making it a cost-effective alternative or supplement to culture dependent 
methods and record the presence of even uncultivable taxa (Hadziavdic et al. 2014; 
Schlebusch and Illing 2012). By using 454 and PCR amplifying a sequence length of ~700bp, 
amplicons covering the V4 region of the 18S rRNA gene are large enough to be used for 
reliable clustering methods and phylogenetic analyses among reference sequences (Dunthorn 
et al. 2014; Schlebusch and Illing 2012). Because of the error rates of PCR and the 454 
sequencing platform, a number of robust filtering and analysis approaches have to be 
followed (Berney et al. 2004; Schlebusch and Illing 2012).  
 
Sequencing	errors	and	clustering	
Next generation sequencing (NGS) is a term denoting all HTS platforms post-Sanger 
sequencing that makes use of a PCR amplification step (Schlebusch and Illing 2012). In this 
study we overcame many of the large hurdles associated with 454 HTS platforms and PCR 
errors, such as error rate and chimeric sequences (e.g. Berney et al. 2004) through strict 
quality filtering. First of all, a single PCR step amplified a ~710bp amplicon covering the 
variable 4 (V4) region of the SSU rRNA gene (Hadziavdic et al. 2014; Niklas et al. 2013), 
large enough to skip the library preparation by random shearing step (Schlebusch and Illing 
2012). The multiplex identifier adapter primers were ligated to either end of the sequences, 




sequencing contig-forming step was necessary. A maximum sequence length exclusion step 
during data quality filtering excluded chimeric sequences, where conserved regions could 
anneal between sequences from distantly related taxa (Berney et al. 2014). Other filtering 
steps are mentioned under the Methods sections in Venter et al. (see publications) and not 
repeated here. Since the V4 region of the 18S rRNA gene is the most variable, it contains 
polymorphism induced length differences across individual taxa (Hadziavdic et al. 2014). 
Sequences were, therefore, cut to a maximum length of 530bp before the dereplication step to 
combine comparable data for the V4 region across taxa. 
 In a 530bp HTS query sequence, one single basepair difference to the original 
sequence will result in a 99.82% pairwise similarity between the two sequences. This new 
sequence is called a pyrotag variant. The 454 platform is known for its error rates caused by 
the inaccurate distinction between single insertion and deletions when long homopolymer 
runs occur during pyrosequencing (Schlebusch and Illing 2012). While studies claim that 454 
technology error rates lie between 99.75 and 99.82% pairwise identity (Huse et al. 2007; 
Niklas et al. 2013), a drop in accuracy of 1% is only recorded to occur after the 400th base pair 
(Schlebusch and Illing 2012). When the PCR error rate caused by the polymerase enzyme is 
added to this error rate, one can safely assume an error rate of 0.03% as explained under the 
methods section. This makes the evaluation of individual HTS sequences so much more 
interesting and worth reporting on, because clustering these sequences with such a low variant 
rate at a common 97% sequence similarity will not only reduce the diversity, but also mask 
conspecific, or even congeneric species (Caron et al. 2009; Nebel et al. 2011). On the other 
hand, the risk of artificially inflating diversity has to be considered when matching pyrotags 
directly to reference sequences (Huse et al. 2010) and some compromise is needed. So we 
included and reported on both. We even included pairwise identity cut-offs for inclusion and 






Independent of the clustering method used, HTS results usually produce a pyrotag consortium 
consisting of an abundant few and many rare species (Huse et al. 2010), where more than half 
of the pyrotags occur less than 10 times in the dataset (Venter et al. 2017). These rare 
pyrotags, may be representatives of the “rare biosphere” (species with low abundance) or 
variants of the original sequence caused by artifacts of PCR and pyrosequencing (Huse et al. 
2010; Mahè et al. 2015). These variants often cluster to singleton operational taxonomic units 
(OTUs, Fig. 1) that occur in one sample only, making estimates on diversity and species pool 
size hard to predict (Chao 1987; Huse et al. 2010). Some researchers argue that all possible 
sequence variants must be eliminated by clustering into OTUs (Huse et al. 2010). This brings 
us back to the question regarding clustering or not. An alternative method is to evaluate these 
pyrotags (partial sequences) in a phylogenetic context with the appropriate reference 
sequences, as determined by an initial blasting protocol (Dunthorn et al. 2014). This method is 
database biased because it is a closed-reference protocol, but may make an accurate 





Figure 1: Clustering beyond a 99.7% pairwise identity is a pivotal point for operational 
taxonomic unit (OTU) formation. The analysis is based on a comparison of the number of 
differences between pyrotags included within OTUs and the resulting clustersizes being 
produced. Beyond 1% dissimilarity, the number of singletons increases drastically. Immage 
based on Swarm analyses of a subset of the data (Mahé et al. 2015).   
 
Spatial	scaling	and	taxa‐area	relationships	
That organisms exhibit genetic divergence across space and time and therefore a definite 
distribution or biogeography is a law in ecology (Barreto et al. 2014). Taxa-area relationships 
(S=cAz) consider the latitudinal gradient and effect of habitat loss on species diversity 
(Arrhenius equation; Oksanen 2017). This relationship between area size (A) and the number 
of species (S) that reside in it, is used to study the gradient (z) which depends on the overlap 
in species composition between sampled localities. This beta-diversity measure is taxon 
specific (c). The taxa-area relationships of microbial taxa such as Bacteria (z=0.02 - 0.04), 
Ciliates (z=0.04 - 0.08) and Fungi (z=0.07) are known (Green and Bohannan 2006), but no or 




generally know that the z-value is larger for macrofauna (0.90) and flora (0.78) compared to 
micro-organisms (Barreto et al. 2014; Collins et al. 2002; Oksanen 2017). Geographic 
separation and isolation can lead to genetic distance, possibly driving the speciation process, 
because organisms are capable to adapt to extreme environmental niche areas like hot springs, 
hot and cold desserts and salt water lakes (Barreto et al. 2014). Ecologists are especially 
interested in this measure, with emphasis on a defined scale (Zinger et al. 2013; Green and 
Bohannan 2006), especially for protists – long thought to have ubiquitously biogeography 
(e.g. Esteban et al. 2006; Finlay et al. 2002).  
 
Land	use	
Intensified land-use, by humans in an agricultural setting, may disrupt local species 
biodiversity, increasing species overlap and thus destabilize ecosystem functioning (e.g. Allan 
et al. 2014; Blüthgen et al. 2015; Fischer et al. 2010). Land-use intensity (LUI) is a well 
defined index for grasslands of Germany, including measures of fertilization, mowing 
frequency and livestock grazing intensity (Blüthgen et al. 2012). This standard has been used 
to study possible selective pressure on community structure, composition and distribution 
patterns of many taxa (above and below ground) within the mesoscale (Allan et al. 2014), but 
not for protists. Little is known about the effect of LUI on protists, other than that some taxa 
like cercozoans seem to associate with low land use and amoeba are more dominant under 
high land use conditions (Bonkowski and Clarholm 2012; Domonell et al. 2013). This 
information is paramount to formulate optimal conservation strategies and policies on 
agricultural activities to achieve effective sustainable land use (Fischer et al. 2010). 
 
Aims	and	hypotheses	of	the	study	




grassland soils. Within the scope of a temperate climate in middle Europe and within a 
defined mesoscale using HTS, it was aimed to describe how protist communities are 
influenced by geographic distance (biogeography), determine their actual taxa-area 
relationship and the influence of land-use.  
 
Chapter 1 – The protistan microbiome of grassland soil: diversity in the mesoscale. In 
order to analyze the original HTS sequences for 150 samples, an alternative pipeline was 
developed to study more than one facet of HTS results. With the robust pipeline, it was aimed 
to gain high taxonomic resolution up to the genus and species level and report on similar 
sequences (matching UIRs) found elsewhere and thus gain insight into distribution issues 
such as local to global distribution patterns. To analyze the HTS pyrotags, an all-inclusive 
(unique individual reads - UIRs) and a more conservative (operational taxonomic units - 
OTUs) level was applied. Using universal primers for the SSU rRNA gene, we hypothesized 
to find not only the identity of typical soil protistan groups (Rhizaria, Alveolata, 
Stramenopiles) covered by the primers, but also their distribution patterns in central European 
grasslands. Using the taxa-area relationship for small protists, we aimed to find the 
distribution of protists in the mesoscale and hypothesized that this should be similar as for 
other small eukaryotes (e.g. fungi, ciliates) and prokaryotes (bacteria). By extension, this taxa 
area overlap should decrease with increased geographic separation. Regarding the influence 
of land-use intensity (LUI) on species diversity, it was hypothesized that more homogenous 
communities with more dominant species and higher overlap at sites with increased land use 
should be found. We hypothesized to uncover a large hidden diversity compared to 
morphological and cultivation based studies, where the rare biosphere would include the 
overlooked diversity, including some parasitic groups, not previously discovered in HTS soil 





Chapter 2 – Land-use intensification causes multitrophic homogenization of grassland 
communities. This was planned as one of the first studies to survey the loss of biodiversity by 
homogenization due to increased land use intensity (LUI) across multiple communities in 
grasslands on such a large scale as the mesoscale. Selecting samples representative of a range 
of land uses and using the geo-referenced information on 12 trophic groups, the hypotheses 
were that LUI has a homogenizing effect with regards to species turnover (β-diversity). To 
evaluate this biotic homogenization: 1.) the effect of LUI on β-diversity was measured; 2.) the 
exact point of change in β-diversity with increasing LUI had to be found; and 3.) correlations 
between trophic groups were made to assess changes in β-diversity between them. The aim of 
the study was to assess local species loss (α-diversity) within each of the above- and 
belowground trophic groups with changes in increased LUI in the mesoscale. It was 
hypothesized that increased LUI will decrease β-diversity or compositional dissimilarity 
between sites, e.g. become more homogeneous, but that this should not necessarily be 
accompanied by reduced local or α-diversity. A hypothetical loss in specialist species during 
homogenization occurring linearly with increased LUI will reduce correlations between the β-
diversity of different trophic groups and in such a way change the multitrophic community 
structure. Protist microorganisms, as one of the belowground groups, were hypothesized to be 
less affected by increased LUI to aboveground trophic groups such as plants and animals. Our 
contribution to this study was the georeferenced protist microbial dataset, to be considered as 
the bacterivorous trophic group. 
 
Chapter 3 – Locally rare species influence grassland ecosystem multifunctionality. The 
aim of this part of the study was to assess the relative functional importance of rare species, 
compared to common species, in driving the biodiversity-multifunctionality relationship. 
Therefore the local richness and abundances for nine trophic groups were measured to assess 




14 ecosystem factors) across a LUI gradient. The hypotheses were: 1.) that the diversity of 
common species, and not rare species, drive ecosystem multifunctionality; 2.) that 
multifunctionality driven by high diversity will decrease with increased LUI due to functional 
composition changes; 3.) that aboveground organism diversity is a stronger predictor of 
ecosystem multifunctionality; and 4.) that there are specific important indicator species that 
point out high multifunctionality. We contributed the georeferenced protist dataset as a 
belowground trophic group. 
 
Chapter 4 – Biodiversity at multiple trophic levels is needed for ecosystem 
multifunctionality. This study hypothesized that ecosystem functioning cannot be simplified 
to single important drivers, but rather to multifunctionality within broader ecosystem 
functioning categories. This implies that simultaneous provisioning (called multifunctionality) 
is a concerted effort among trophic groups, rather than one indicator species and that species 
loss across many trophic groups, may cause stronger consequential loss of ecosystem 
functioning. The aim was to measure the relationships of the richness and abundance between 
trophic groups and ecosystem services. Again we contributed the georeferenced protists 
dataset as a belowground trophic group to this study. It was hypothesized that the combined 
richness of the trophic groups measured alongside 14 ecosystem services would have a 
stronger effect on ecosystem services than any individual trophic group. Hypothetically, the 
effects on individual ecosystem and categorical service types would be indicated by changes 
in richness and abundance of the multitrophic group, rather than by one individual trophic 
group. Multifunctionality can only be proven when biodiversity loss occurs across many taxa, 
indicating that the functioning of a single trophic group is dependent on the diversity of the 






Chapter 5 – Methodological studies on estimates of abundance and diversity of 
heterotrophic flagellates from the deep-sea floor. This study aimed at comparing the 
methodological issues between morphological (culture-dependent) and molecular (HTS) 
methods. Issues were discussed as they pertain to protist communities and sampling strategies 
as exemplified by studies of sediments of the deep-sea. The study aimed at supporting a 
combination of both methods for future studies. 
 
Chapter 6 – Discrepancies between molecular and morphological databases of soil 
ciliates studied for temperate grasslands of central Europe. The aim was to attain 
phylogenetic and taxonomical monophyletic associations between the ciliate taxa within the 
protists, even when including pyrotags with reference sequences in a phylogenetic analysis. 
We hypothesized that, because this group contains so many morphologically described 
species, it is especially likely that this group can be used to address questions regarding 
restricted biogeography. Here we aimed at describing the knowledge gap that exists between 
existing morphological knowledge and the molecular entries of known taxa deposited in the 
Protist Ribosomal Reference (PR2) molecular database. We aimed to show that this may 
hamper describing the biogeography of ciliate taxa groups in georeferenced environmental 
samples and finding gradients in community structure due to environmental variables (e.g. 
LUI and edaphic parameters). The PR2 database is limited in that it containes all available 
reference sequences for morphological described species in GenBank and only a curated 
subset of the sequences from environmental samples. In our dataset, less than 1% of UIRs and 
OTUs had 100% matches to these reference sequences. Because ciliates are a monophylotic 
group, we aimed at relating these UIRs and OTUs to a taxonomic lineage based on 
phylogenetic association and pairwise distance to the closest reference sequence. We 
hypothesized that because the ciliate group contains many flagship species and has been 




flagship and well-studied species is to be expected, 2.) most pyrotags should have close 
sequence similarity to reference sequences in the PR2 database with many exact reference 
sequence matches. We also hypothesized that a deviation from the previous hypotheses would 
most probably be due to discrepancies between the molecular and morphological databases. 
Regarding the reference database, we hypothesized that: 1.) taxa for which there are many 
reference sequences in the PR2 database should also be equally well presented in our data, and 
2.) a phylogenetic analyses would be more accurate at determining species richness, and 3.) 
recovered ciliate richness should be comparable to that recovered in other molecular and 
morphological studies.  
 
Chapter 7 – The hidden diversity of flagellated protists in soil. In this part of the study, we 
aimed at gaining deeper knowledge on individual taxa grouped under the flagellated protists. 
It was hypothesized that an in-depth study of the HTS pyrotags for typical rare and dominant 
soil flagellates may uncover a large unknown diversity. Due to the often polyphyletic 
associations of flagellate taxa within the same lineages, phylogenetic affiliation could not be 
used to elaborate on ecological function. To strengthen our methods and underscore the 
uniqueness of this study, we aimed to determine the recovery rate of 10 cercozoan species 
previously isolated, cultured and described from the sampling sites in the same region. Having 
the original reference sequences and comparing the HTS pyrotag variances to these, it was 
hypothesized that the recovery rate should be high for described species, when the original 
site of discovery is surveyed compared to sites located further away. It was aimed to 
investigate the biogeographical importance of individual pyrotages and their variants 
associated with known (ten described species), typical abundant (cercomonads - Sandona) 
and rare taxa (apusozoans) in soil to evaluate the recovery rate of described to unknown 
groups in soil.  




other molecular HTS studies, will be discovered. Using the robust pipeline and critically 
analyzing the pyrotags, it was hypothesized that many pyrotags have an own unknown 
biogeography, which may be masked by commonly used clustering methods in OTUs. These 
variants to centroids in OTUs may indicate a deepened hidden diversity. Using phylogenetic 
analyses, the aim of this study was to prove the importance of the large hidden diversity of 
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The protistan microbiome of grassland soil: distribution in the mesoscale  





Table S1. Breakdown of SSU sequencing data for 150 samples. Steps follow the 
pipeline given in Fig. S1. The Chao richness estimate indicates the statistical pool 
size of operational taxonomic units (OTUs) and unique individual reads (UIRs), 
including standard error (SE).  
 
      
  OTUs Obtained sequences 
      
    
Total number of sequences   1 249 645 
Sequences after filtering   1 101 087 
Unique (dereplicated)   479 108 
Singletons removed   58 216 
Sequences with 100% query coverage  2 764 45 686 
- Fungi   23 805 
- Metazoa   6 045 
- Streptophyta   6 777 
Unique protist only sequences   9 059 
Assigned protist reads with ≥80% 
pairwise identity  968 8 407 UIRs 
Chao's richness estimate (±SE)  978±4 8 560±16 UIRs 
Assigned protist reads with ≥97% 
pairwise identity  695 6 401 UIRs 
Chao's richness estimate (±SE)  699±3 6 485±11 UIRs 
Assigned protist reads with ≥99.7% 
pairwise identity  298 831 UIRs 
Chao's richness estimate (±SE)  300±2 835±2 UIRs 
    
SE = Standard error (SE), UIRs = unique individual reads, OTUs = operational 
taxonomic units (OTUs). 
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Table S2. Summary of the number of operational taxonomic units (OTUs), unique 
individual reads (UIRs) and sequence abundance within each class taxonomic group 
derived from all 150 soil samples. Data derived from ≥97% reference sequence 








Schwaebische Alb (AEG) Hainich-Duen (HEG) Schorfheide-Chorin (SEG) 
         
  OTUs UIRs Sequences OTUs UIRs Sequences OTUs UIRs Sequences 
Alveolata 196 138 1 195 5 306 168 1 543 8 582 170 1 654 8 234 
Amoebozoa 21 14 69 249 15 93 643 20 101 434 
Apusozoa 3 3 16 36 3 24 85 3 39 174 
Archaeplastida 88 55 128 366 78 237 1 037 59 151 355 
Hacrobia 4 1 2 3 1 2 3 3 4 13 
Opisthokonta 11 8 43 205 9 26 72 8 33 88 
Rhizaria 245 191 988 2 871 190 1 099 3 847 224 1 390 5 135 
Stramenopiles 127 96 700 4 005 92 564 3 835 106 768 4 255 
Total count 695 506 3 141 13 041 556 3 588 18 104 593 4 140 18 688 
 
Environmental metadata AEG  HEG SEG 
Latitude / longitude 54° 48.5'N / 35° 9.2'W  57°51.4'N /  44° 10.2'N  59° 53.2'N /  46° 13.4'W 
Habitat type Grassland  Grassland  Grassland 
Sampling area size (km2) 423  1 561  1 300 
Mean annual temperature (°C) 6.5 - 8.0  6.5 - 8.0  8.0 - 8.4 
Mean annual precipitation (mm) 938 - 963  500 - 800  520 - 600 
Mean elevation (m) 462 - 858  285 - 550  10 - 140 
       
 
  




Figure S1. Bio-informatical pipeline used to convert next-generation sequencing raw 
data into unique individual reads (UIRs) and then functional operational taxonomic 
units (OTUs) for downstream analysis. Processing steps follow chronologically, 
relating OTUs to raw query sequences (UIRs) at all steps. Confidence of UIR 
assignments by basic local alignment search tool for nucleotide sequences (BLASTn) 
is dependent on the levels of pairwise identity, where UIRs are grouped into OTUs. 
The lowest common ancestor (LCA) principle in MEGAN (Huson et al. 2007) was 
employed to check the BLASTn hit accuracy. 
 




Figure S2. Similarity of raw reads to the curated Protist Ribosomal Reference 
Database (PR2) database (Guillou et al, 2013) after Blast annotation of UIRs. Only 11 
protist affiliated V4 SSU OTUs (UIRs associated with protist reference sequences) 
from 150 soil samples fell below the 80% sequence pairwise similarity cut-off for 
inclusion into the analyses. 
 




Figure S3. Fisher's log-series frequency distribution graph (Oksanen et al. 2017) with 
slope line fitted for operational taxonomic units (OTUs) from all 150 samples. 
Incidence per frequency of OTU occurrence (max=146) are indicated for all OTUs 
with sequence identities of ≥80% to reference sequences in the PR2 database. 
Singletons (OTUs that occurred only once in the data) were removed prior to this 
analysis and data was binary transformed. 
 




Figure S4. OTU compositional differences between soil samples from the three 
Biodiversity Exploratory plots Schorfheide Chorin (SEG), Hainich Dün (HEG) and 
Schwäbische Alb (AEG). (A.) Non-metric multidimentional scaling (MDS; Bray-Curtis 
method): grouping samples according to taxonomic compositional similarity, and (B.) 
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Chapter 6 – Discrepancies between molecular and morphological databases of soil ciliates 




By measuring the change in soil protist communities, the effect of human land use on 
grasslands can be monitored to promote sustainable ecosystem functioning. Protists form the 
active link in the rhizosphere between the plant roots and higher trophic organisms; however, 
only few morphological species and their ecological values have yet been described in this 
context. To investigate the communicability between morphological and molecular databases 
used in the molecular barcoding of protists and in the biomonitoring of grassland soil, the 
present high-throughput sequencing (HTS) study (N=150) covered the area of central Europe 
(mesoscale) known to be well studied for ciliated protists. The 2,404 unique individual HTS 
reads identified taxa in all major ciliophoran classes but exact reference matches were few. 
The study identified clear discrepancies between databases for well-studied taxa, where 
molecular databases contained multiple gene variants for single morphospecies of dominant 
taxa. Gene variants presented own biogeography – the eukaryotic microdiversity along 
gradients (e.g., land-use intensity, soil water). It is possible that many of the so called novel 
phylogenetic lineages and hidden diversity pointed out in environmental surveys could be 
evidence for the severe lack of molecular data for already known and morphologically 
described species, present in morphological databases. 
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Land use is a major recognized driver of community structure in terrestrial habitats like 
grasslands (Blüthgen et al. 2012; Soliveres et al. 2016), where community stability is very 
important for sustainable ecosystem functioning (Gossner et al. 2016). The communities of 
agricultural meadows and pastures are governed by land use types (fertilization, mowing and 
grazing by livestock) and intensity, which impacts negatively on the belowground diversity of 
organisms like unicellular eukaryots which build an important part of the soil microbial food 
web being necessary for optimal plant growth (Bonkowski 2004; Ekelund et al. 2002; 
Gossner et al. 2016). Protists, forming the active link between the rhizosphere and higher 
trophic organisms, are usually studied and taxonomically classified by their morphology, 
using microscopic and culture based techniques (Esteban et al. 2006). Morphological 
techniques are used for protist identification however, their description is time consuming and 
requires a thorough knowledge of taxonomy. Due to this, the taxa found can hide cryptic 
species and, moreover, may exclude non-cultivable organisms (Foissner et al. 2008). 
Additionally, it is believed that there are also many undescribed species which are yet 
undiscovered and their  taxonomical description constitute a major part of all protists 
(Pawlowski et al. 2014; Pawlowski et al. 2016). 
Ciliophora, especially in soil, is the best described group of all protists based on 
morphological techniques (Chao et al. 2006; Foissner 2006; Lara and Acosta-Mercado 2012). 
For several reasons, ciliates have been suggested as ideal bioindicators of land-use change and 
environmental stress in soil (Foissner 1999; Lara and Acosta-Mercado 2012), because they are 
so well investigated in central European soils (Chao et al. 2006; Mahé et al. 2017). Ciliates 
have high turnover rates and biomass in soil and are very sensitive to environmental 
conditions (Foissner 1999, 2016). A lot of ecological information is connected to the 
individual morphospecies (Esteban et al. 2006; Foissner et al. 2011; Foissner et al. 2014; 
Foissner 2016; Grattepanche et al. 2016). E.g. Colpodea with its high growth rates and 
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tolerance to unfavorable conditions are expected to occur in disturbed soils, whereas the 
important predatory groups of haptorians and suctorians are expected to occur in stable soils 
in significant amounts/biomass (Lara and Acosta-Mercado 2012). Altogether about 8,000 
ciliates morphospecies (of which 4,500 are free-living)  were described until 2008 (Foissner 
2008). Even though ciliates are very important components in soil food webs, little 
information exist on the impact that agricultural practices has on community structures 
(Gossner et al. 2016; Soliveres et al. 2016) for ciliates in particular (Díaz et al. 2006).  
Agricultural practice covers large geographical areas and terrestrial soils are, like the 
benthos of the deep sea, important protist reservoirs concentrating up to 15,000 individuals 
per gram of dry soil weight (Massana et al. 2015; Rogerson and Detwiler 1999). Even though 
morphological identification still is the gold standard for describing new species and their 
associated habitats (Chao et al. 2006; Foissner et al. 2014), new genetic barcoding methods 
employing next-generation sequencing (NGS) technology are culture independent and high 
throughput sample processing allows studies of large geographies (Grossmann et al. 2016; 
Pawlowski et al. 2012). Some researchers argue that taxonomic identification is not even 
necessary to draw conclusions from operational taxonomic units (OTUs) as markers for 
protists (Pawlowski et al. 2016). For some morphological species, genetic strain differences 
detected using NGS can be responsible for very different ecological properties within the 
same taxon (Díaz et al. 2006). Therefore the already existing discrepancies between 
morphologically collected data and the genetic sequence data in public databases like 
GenBank may be exacerbated (Chao et al. 2006; Forster et al. 2016). A good communication 
of morphological work and relatable molecular possibilities (e.g. metabarcoding studies) is 
needed, because studies using both methods correct for the biases of the other (Schoenle et al. 
2016). Reference sequences for protists are collected in databases and is well curated up to 8 
taxonomic levels (Guillou et al. 2013), setting the stage for combined phylogenetic and 
taxonomic classification (Forster et al. 2012; Forster et al. 2016; Pawlowski et al. 2012). A 
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discrepancy between the molecular data obtained for unknown environmental samples and 
that available in molecular databases as well as the morphologically described species exists 
(Chao et al. 2006), but the question remains, how great the differences for known soil taxa 
are. 
We set out to sample 150 soil samples, all from the grassland biome, covering three 
sampling sites across Germany; which may serve as a reasonable representation of central 
European grassland soils. We hypothesize that using high-throughput sequencing (HTS), 
many sequences with high pairwise identities to already known and described species in the 
database should be found for central European soils, e.g. especially flagship species. Any 
deviation from this statement may be due to the discrepancy between molecular and 
morphological databases. We aimed to provide an overview of the morphological to 
molecular discrepancy that exists for ciliate taxa in databases. 
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NGS data and taxa coverage 
To study the group-specific richness of ciliates in soil by sequence barcoding, we used a 
molecular dataset obtained by using universal eukaryotic primers. A modified pipeline was 
applied to evaluate next-generation sequencing (NGS) results for ciliate taxa at unique 
individual reads (UIRs) level and Blast based operational taxonomic units (bbOTUs) level 
(UIRs grouped to the same accession number; see Methods). These two microbial taxonomic 
unit definitions ultimately made an upper and lower species richness evaluation possible. 
Based on this definition and filtering the data to evaluate ciliate taxa only, between 70 
(bbOTUs - minimum number of taxa) at the most conservative (≥99.7%) pairwise identity 
level and 8407 (UIRs - maximum number of taxa) taxa at the all-inclusive ≥80% pairwise 
identity level were discovered in 150 grassland sampling sites from an initial ~1.2 million raw 
reads. Discovered bbOTUs fell within all seven known ciliate classes (Adl et al. 2012). 
Taxonomic units are dependent on the level of pairwise identity resolution (≥99.7%-, ≥97%- 
and ≥80% pairwise identity; Table S1) and, when converted to presence-absence matrixes per 
site, should present a statistically sound dataset for analyses. 
Taxonomic coverage evaluation. An in silico PCR test of the universal primers 
against the reference sequences in the Protist Ribosomal Reference (PR2) database (GenBank, 
version 203, downloaded June 2016) and SILVA (SSU r117) databases (www.arb-silva.de; 
accessed June 2016) was performed to estimate their coverage of the major taxonomic groups. 
A primer Blast indicated that more than 90% of the 135,216 PR2 database reference sequences 
for all taxonomic groups were covered by the primer set. Compared to the SILVA database, 
our eukaryotic primer pairs returned only eukaryotic supergroups, covering 74.5% of the 
alveolate and 66.4% of all ciliophoran reference sequences, predominantly for the class 
Spirotrichea (88.8%). 
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Species richness. Twenty-four percent of the universal primer detected protist assigned 
sequences could be identified within one of the ciliate class taxa (Table S1). Supplementing 
the primer test, no single sequence pairwise identity hit for a UIR to the PR2 database fell 
below the 80% cut-off for inclusion into the analyses. Despite the high similarity between 
query sequences and database reference sequences, at ≥97% pairwise identity, no single taxon 
occurred across all 150 grassland sites. The community mainly consisted of rare taxa with 
limited distribution, where >42% of the identified taxa occurred at less than 10 of all 150 sites 
(Fig. 1A). Even the most abundant ciliate taxon (an unknown Stichotrichia sp.) occurred in no 
more than 139 of the 150 grassland plots. Species discovery (sampling intensity) was highly 
dependent on the level of taxonomic resolution (≥99.7%, ≥97% and ≥80% pairwise identity; 
Fig. 1B) and how one defines taxonomic units (bbOTUs vs. UIRs; Fig. 1C). At the lower 
pairwise identity cut-offs (<97% pairwise identity) a number of additional UIRs with 
unknown lineages were added to the already numerous number of unresolved taxa (>47%) at 
≥97% pairwise identity (Table S1). 
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Figure 1. Frequency of taxa distribution and species accumulation curve for all 150 
grassland sample sites. The frequency of Blast based operational taxonomic units (bbOTUs) 
occurring per the number of sampling sites (A). The number of discovered OTUs added per 
additional sampling site (B), compared to the number of discovered unique individual reads 
(UIRs) added per additional sampling site (C), at three sequence similarity cut-offs. 
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Species accumulation curves based on ciliate-specific unique sequences (UIRs) derived 
from all 150 soil samples did not approach an asymptote, which indicated that the full extent 
of the ciliate diversity associated with the mesoscale was not reflected and hence not available 
for analysis (Fig. 1B). Decreasing rather than increasing the reference sequence similarity cut-
off to ≥80%, not only resolved putative class taxonomic level bbOTUs, but also added 20% 
more sequences and three ciliate classes (Armophorea, Cariacotrichea, Phyllopharyngea) for 
analysis not observed at the ≥97% pairwise identity resolution. bbOTUs were most frequently 
matched to reference sequences for the aerobic ciliate groups Colpodea, Litostomatea, 



















Figure 2 (Following page). Phylogenetic placement of unique individual read (UIR) 
clusters within the known diversity for the colpodean class of Colpodida. UIRs identified 
at ≥99.7% -, ≥97%-, and ≥80% sequence pairwise identity within the class group was inferred 
by the V4 SSU gene alignment to protist ribosomal reference (PR2) database sequences and 
then clustered together with the returned reference sequences at ≥97% global similarity. 
Known and unknown diversity was included into the basic maximum likelihood (ML) tree 
structure adopted from Foissner (2011) and Foissner et al. (2014) originally containing the 51 
reference taxa. Barcharts at the bold fonted leaves indicate the number of UIRs associated to 
the respective cluster at ≥97% - and ≥80% sequence pairwise identity level resolution to 
reference sequences. 
  
Chapter 6 – Discrepancies between molecular and morphological databases of soil ciliates 




Chapter 6 – Discrepancies between molecular and morphological databases of soil ciliates 
studied for temperate grasslands of central Europe 
135 
 
The presence of novel diversity. To further investigate the extent of novel diversity 
among UIRs, we clustered environmental UIRs to reference sequences in the database and 
evaluated this within a phylogenetic framework of known taxa. To make sequence clustered 
operational taxonomic unit (scOTUs) results comparable with other studies, we used the 
≥97% pairwise identity level cut-off in a sequence clustering analyses step and present data 
for one well described taxon – the Colpodea (Figs. 2, S1), but also for two more taxa 
discovered in soil (Figs. S2-S3). Multiple gene variants were present in the database for some 
morphospecies taxa, especially the dominant taxa in soil (e.g. Colpodida; Fig. 2 and Table 
S2), e.g. the gene strain sequence variants for the dominant taxa Colpoda inflata (KJ607917 
and KJ607918) and Colpoda steinii (KJ607913, KJ607916 and DQ388599) are well visible 
within the phylogenetic context, where pairwise alignments between these sequences deliver 
<97% sequence similarity. SeveralColpoda strains indicated different incidence patterns 
across sites and associated land-use regimes (Fig. S4).  
Some branches for other taxa were grossly underrepresented in databases. In the 
Colpodea tree (Figs. 2, S1), possible gene variants for Bresslauides sp. (scOTUs 1-3) and two 
already unresolved Colpodidae_X sp. (scOTUs 22-27; scOTUs 30-31) could be detected. Also 
present were novel orphan branches for which no reference sequence could be identified by 
global alignment with other colpodid reference taxa (scOTUs 12-14; scOTUs 32-35). Good 
resolution was possible for the other colpodean orders (Fig. S1) with similar UIR alignment 
tendencies. However, for hypotrich UIRs (Fig.S2), phylogenetic evolutionary rates were low 
and clusters were unstable within the large tree containing many gene variants for unresolved 
taxa. This hypotrich tree topology (Fig.S2) stood in sharp contrast to that for Euplotia (Fig. 
S3), where the few UIR-only clusters with low pairwise similarity (except scOTU 1) 
associated near known reference sequences in the database. At least three UIR clusters 
(scOTUs1-3) associated with the genus Aspidisca with high bootstrap values indicating the 
lack of molecular data for morphologically described species (Table S4). Aspidisca sequences 
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were Blast aligned to environmental sequences in the NCBI database [accessed: 30.06.2017] 
and no matching uncultured environmental sequence from other studies could be found with 
>94% sequence similarity. 
Morphological vs. molecular data. To analyse possible discrepancies between the 
molecular data and morphologically available data for the discovered taxa (UIRs and 
bbOTUs) a tabulated inventory for one of the most abundant and well studied ciliate groups in 
grassland soils, the Colpodea (Table S2), and two related ciliate groups (Hypotrichia and 
Euplotia; Table S3-S4) were made. Data (UIRs and bbOTUs) for the above mentioned taxa 
were compared (Fig. 3A-F) to available molecular (PR2 database) and morphological database 
data available online (EOL; www.eol.org). Additionally, the  comprehensive monographs 
(Berger (2001) for Hypotrichia and Euplotia; Foissner (1993) for Colpodea) were considered 
to compare OTUs with the number of morphospecies at a certain time point. UIRs matching 
PR2 database accession numbers as well as the related bbOTUs were grouped at three levels 
of pairwise identity (≥80%, ≥97% and ≥99.7%). When considering UIRs at each pairwise 
identity cut-off for colpodean orders, the detected unknown diversity among colpodid ciliates 
using NGS laid well in excess of all species mentioned in databases (Fig. 3A-D). The number 
of taxa we recorded based on the grouping of Blast results for UIRs into bbOTUs was about 
two thirds of the number of PR2 database entries as well as morphologically described 
colpodean species. This ratio was observed across all orders within the class Colpodea (Fig. 
3A-D), but changed for groups overrepresented (Hypotrichia) and underrepresented 
(Euplotia) by HTS in soil samples (Fig. 3E-F). Of all colpodean orders, the most dominant 
orders (e.g. Colpodida) also contained the most database entries. Apart from this, a detailed 
analysis of the PR2 database (used to identify the UIRs) binomial annotations indicated that 
only about one third of the reference sequences in the PR2 database contained a unique genus 
with species annotation. 
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Figure 3. An inventory of the data available for ciliate colpodean UIRs and Blast based 
OTUs identified by means of molecular methods using a sequence database compared to 
morphological described data available. A barchart illustrating the relevant sequencing data 
available in the protist ribosomal reference database (PR2) as measured up to species specific 
data (sequences containing a lineage with genus and species) and compared to morphological 
data collected (see Suppl.) for each of the Colpodea classes Colpodida (A), Cyrtolophosidida 
(B), Bursariomorphida (C) and Plathyophryida (D). The number of unique individual reads 
(UIRs) and operational taxonomic units (OTUs) returned after a next-generation sequencing 
(NGS) effort of 150 grassland soil samples are given by the last two bars.Further resolving 
this information at three cut-offs levels for UIRs and OTUs identification (at ≥99.7 -, ≥97% - 
and ≥80% sequence pairwise identity) to reference sequences in the PR2 database are given be 
inter-bar chart resolution. 
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The same morphological and genetic inventory research was repeated for two more 
groups, the Hypotrichia and Euplotia (Fig. 3E, F, Table S3, S4). Both taxonomic groups 
belong to the ciliate class Spirotrichea, the most dominant taxonomic group across all 
grassland sites in the present study (Table S1) containing many taxa (Table S5). For 
Hypotrichia, less than half as many reference sequence data could be found in the PR2 
database when compared to the number of morphological described hypotrich species 
available in the monograph (Fig. 3E, Table S3). On the other hand, more hypotrich UIRs than 
described species were discovered (1300 UIRs), but clustered to only a tenth (63 bbOTUs) of 
the number of morphologically described hypotrich species. For Euplotia, the difference 
between genetic and morphological data was not as drastic as for the hypotrichs, although we 
retrieved only few taxa (3 bbOTUs and 17 UIRs) from soil data (Fig. 3F, Table S4) with low 
pairwise identity distances to known taxa in the PR2 database (Table S1). On the other hand, 
we observed stable phylogenetic positions to reference sequences (UIRs distances <97% 
sequence similarity to known references, Fig. S3). When comparing individual genera within 
the Euplotia, the gaps between morphological and genetic database data became more 
pronounced. This was especially the case for the genus Aspidisca (Table S4, Fig. S3). 
Altogether 78 morphologically described Aspidisca species are in a clear contrast to only 
seven species contained in the PR² database (Table S4). A similar situation occurred for the 
genera Euplotes (Order Euplotia) and Diophrys (Order Hypotrichia) (Table S4, S5).  
Dominant taxa and the factors influencing species richness. Of the 175 ciliate 
bbOTUs identified at ≥97% pairwise identity (Table S5), about one third were redundancies 
or most likely genevariants for the same species (Fig. 3A-F). This was not only the case for 
sequence entries with uncertain lineages at the ≥97% and ≥99.7% sequence similarity level in 
the PR2 database, but especially for well-known taxa like Colpoda (C. aspera, C. inflata, C. 
steinii), Cyrtolophosis mucicola, Exocolpoda augustini, Gonostomum strenuum, Halteria 
grandinella (3 bbOTUs), Urostyla grandis, and Vorticella microstoma. Furthermore, these 
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species were also among the most dominant in our soil samples (e.g. Colpoda steinii 
occurring at 81 of the 150 sampled plots). Summating the presence-absence totals for all 
bbOTUs within each class group, species for the class Spirotrichea collectively indicated the 
highest relative abundance across all sites (with high presence-absence bbOTU entries: 
N=2185; 48.0%) followed by Colpodea (N=1580; 34.7%). Other class groups listed in 
decreasing order of (collective) relative abundances across sites included Litostomatea (442; 
9.7%), Oligohymenophorea (243; 5.3%), Nassophorea (90; 2.0%), Heterotrichea (9; <0.2%) 
and Prostomatea (2; <0.05%). The number of UIRs and bbOTUs was quantified for the eleven 
ciliate classes (TableS1). 
The most dominant ciliate taxa discovered in our dataset were Blast results for UIRs 
associated with unknown lineages (Table S2-S4). Grouping for database lineages, the ten 
most widely distributed bbOTUs in order of increasing distribution dominance were: eight 
ciliate taxa with uncertain lineages ([EF024684] Oxytrichidae_X sp., [JN635488] 
Colpodidae_X sp., [EF100341] Platyophrya sp., [EF024585] Orchitophryidae_X sp., 
[EF024004] Colpoda sp., [EF024903] Oxytrichidae_X sp., [KJ509196] Bistichella FG-2014, 
[AB449362] Stichotrichia sp.) and two with known lineage ([AF060452] Pseudoplatyophrya 
nana and [KJ873047] Colpoda elliotti). Two gene variants (two accession numbers for the 
same taxon) of the Oxytrichidae_X sp. were present; each with an own incidence pattern 
during our investigation (Fig. S4). 
Analysis of spatial scaling for contiguous grassland habitats were performed to identify 
underlying mechanisms that influence ecological community structure in soil and how results 
may be database dependent (OTUs vs. UIRs, Fig. S5A-C). The community structure of the 
morphologically larger ciliates (generally 20-300µm length) was less influenced by 
geographic separation when comparing UIR data of non-ciliophoran protist assemblage to the 
much smaller flagellate species (generally 2-20 µm,Venter et al. in press) (Fig. S6). In all 
cases for ciliate data, taxa-area curves indicated increased z-values (z> 0.2) when based on  
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Figure 4. The relationship between soil ciliate communities and soil variables. A 
multidimentional scaling (MDS) plot was created resolving the community dissimilarity for 
the three Biodiversity Exploratories (ALB – Schwäbische Alb, HAI – Hainich-Dün and SCH 
– Schorfheide-Chorin) and land-use intensities (LUI – HIGH, MEDIUM and LOW) as 
separated along the first two eigenvector axes (A). A variables factor map indicated the 
ordination of ciliate data to soil sample properties by means of a visual non-metric 
multidimentional scaling (NMDS) plot at each of the Biodiversity Exploratories (ellipse: 
ALB, SCH and HAI) sites (soil data were obtained from Kaiser et al. 2016) (B). This analysis 
was repeated for the percentage soil water at three levels (ellipse: high, medium and low) of 
water content (C) and LUI at three levels (ellipse: high, medium and low) of land-use (D). We 
illustrated constrained community ordination and random starting configurations using Bray-
Curtis dissimilarity matrixes for all figures. Species scores were added as weighted averages. 
Ordinations for vectors based on continuous variables and centroids were fitted after applying 
999 permutations. Gradients are illustrated as arrows, where the length of the arrow is 
proportional to the strength of correlations. 
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UIRs compared to z-values based on UIRs grouped for bbOTUs, (z< 0.1, Fig. S2A-C) which 
is generally used as one indicator of beta diversity. The level of taxonomic identification 
influenced the overlap of species similar between sites in the mesoscale (Fig. S5C), where 
species identified at ≥99.7% pairwise identity to reference sequences showed the highest z-
value (at a lower species richness). 
Multidimensional scaling at ≥97% pairwise identity indicated that geographic distance 
rather than land use separated communities (Fig. 4A). Water (rho = -0.5; p< 0.01; Figs. 4B, C) 
and very fine sand (clay being an independent variable), especially silt (rho = -0.3; p< 0.01), 
among other edaphic variables (Fig. 4B), was responsible for significant gradients influencing 
the beta-diversity. Increased land use (rho = 0.24; p< 0.01), especially grazing intensity (rho = 
0.3; p< 0.01), was associated with changes in ciliate species richness, where the vector was 
parallel with the first NMDS axis (Fig. 4D). Environmental factors associated mostly with the 
community structure of dominant taxa, where e.g. Spirotrichea (with the highest relative 
abundance) largely associated with low land use and sampling plots containing high soil 
moisture (Fig. 4C). 
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Ciliates include many dominant “flagship” species with distinct morphology (Foissner 2006), 
making them easy to find in a territory like Europe where they have been well studied for a 
long time (Foissner 2006; Chao et al. 2006). Thus, using the sensitivity of High-Throughput 
Sequencing (HTS), at least the well-studied ciliate flagship taxa present in the German 
mesoscaleshould easily be recoverable. We hypothesized that any deviation from this 
statement may be due to the discrepancy between molecular and morphological databases.  
Flagship species recovered. Comparing our molecular data set for central European 
soils to another European study (Scotland, UK) using morphological identification methods 
(Esteban et al. 2006) and the same number of soil samples, revealed the interesting 
“rediscovery of thirds” (Foissner et al. 2008). Only a third of the discovered UK-grassland 
taxa could be rediscovered in our middle European grassland samples (Table S5), with similar 
dominance patterns for well described species like Colpoda steinii, Colpoda inflata and 
Platyophrya vorax (Fig. S4). This fact could be used to motivate the ubiquitousness 
hypothesis (Esteban et al. 2006) or strengthen the semi-ubiquitous distribution idea of ciliates 
in soil (Foissner et al. 2008). But, the absence of UIRs cannot be used as proof of absence of 
the organism in the mesoscale, because undersampling for mostly unknown taxa (UIRs) 
cannot be excluded (Fig. 1C). If molecular results closely resembles typical morphological 
rediscovery of a third of the taxa: how biased is HTS sample identification because of the 
discrepancy between molecular and morphological known diversity? 
In a quest for answers, we compared our molecular survey data with a list of flagship 
morphospecies data hypothesized by Foissner (2008) to have restricted geographic 
distribution and recovered the name of only one of the 52 ciliate species. This was 
Bresslauides discoideus, which is known to occur in soil and moss of Europe, Japan and 
Central America. This was unspectacular; however, we also found that reference sequences 
for only 9 of the 52 flagship species were present in the PR2 database. E.g. one of these 
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flagship species (Neokeronopsis spectabilis) mentioned by Foissner et al. (2008) is big (300-
400 µm) and already known since the 1930s to occur in central Europe, but no reference 
sequence for it occurred in GenBank or the dedicated PR2 database [Accessed: June 2017]. 
This implied that the molecular to morphological species data gap may be so big, that 
sequences for most morphologically described flagship ciliate species with restricted 
geographic distribution are simply not available in reference databases.  
Ciliate novelty and richness in soil. All discovered unique individual reads (UIRs) in 
our study had a more than 80% sequence similarity to reference sequences in the Protist 
Ribosomal Reference (PR2) database (Fig. 1B). This stands in sharp contrast to neotropical 
soil samples where more than two thirds of the query sequences were less than 80% similar to 
reference sequences in the same database (Mahè et al. 2017). This may confirm that ciliates 
are more well studied in the temperate terrestrial systems of central Europe (Chao et al. 2006), 
even though exact reference matches were few.Most UIRs related to reference sequences up 
to the 20% sequence dissimilarity cut-off (Table S1). We, however, found that this was not the 
case in all taxonomic groups. Well studied ciliate taxa included the Colpodea and Hypotrichea 
(Dunthorn et al. 2014; Foissner et al. 2014; Gao et al. 2016), for which many reference 
sequences existed in the PR2 database. This might explain why these taxa were predominantly 
recovered from soil samples (Table S1). High-throughput sequencing (HTS) UIRs revealed 
the presence of well known taxa for both free-living (most of these protists are known to be 
capable of cyst formation) and true parasites of humans (e.g. a Balantidium sp.), fish 
(Ichtyophthirius sp.) and garden slugs (Tetrahymena rostrata), indicating the broad range of 
ciliates covered (estimated 8,000 morphospecies) using our universal primers (Table S5). 
Exact sequence matches of UIRs were sparse (~1%), therefore taxonomic binning was 
applied (Tables S1, S2-S4). Binning similar UIR Blast hits within pairwise similarity 
thresholds into Blast based operational taxonomic units (bbOTUs) allowed for related higher 
taxonomical and functional assignment (Urich et al. 2008). The bbOTUs grouped at ≥97% 
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pairwise identity cut-off (~82% of UIRs) allowed for the comparison of results with other 
studies of microbes. UIRs or grouped bbOTUs with ≥99.7% reference sequence identity 
probably indicated the same species based on potential PCR and pyrosequencing error rates 
(Venter et al. 2017). Based on the above mentioned UIR and bbOTU definitions, presence-
absence transformed data (at ≥97% pairwise similarity) indicated a mean ciliate bbOTUs 
richness of 30.3 g-1dry weight soil (SD: 15.5, CI: 0.85, min. 1, max. 73 bbOTU) in the 150 
agricultural grassland sites. The total richness (175 bbOTUs) and mean value was within the 
same range as previously obtained from morphological studies using 150 soil samples at one 
hectare European grassland site (91 ciliates), worldwide (95 ciliates, Esteban et al. 2006) and 
in soils from Puerto Rico (77 ciliates from 36 sampling sites, 5-67 ciliates per g dry weight of 
soil, Acosta-Mercado & Lynn 2004). The total ciliate richness, we obtained with this method, 
is also in the same range as a molecular study using ciliate group specific primers sampling 
four river systems (176 clones in 50 µl size samples covering 130 cm2 of biofilm, Dopheide et 
al. 2008). At greater dissimilarity from reference sequences (<97% to 80% pairwise 
similarity), we obtained more unique reads and more taxa per site (Table S1). This additional 
unknown hidden diversity increased the total richness (228 ciliate bbOTUs per g dry weight 
of soil), though our estimates were significantly lower than the estimated taxa richness for a 
worldwide sampling of different soils (1014 OTUs from 40 x 0,25g soil samples, Bates et al. 
2013) and marine coastal sediments (5,616 OTUs, Forster et al. 2016), based on HTS 
molecular methods. 
Phylogeny and species variance. One of the best ways to analyse unknown high-
throughput sequences and understand database discrepancies is to put query UIRs into a 
closed-reference phylogenetic context with sequences from already known lineages (Figs. 2, 
S1-S3). Novel sequences should, by implication, have low sequence similarity to referenced 
taxa (Dunthorn et al. 2014; Rideout et al. 2014; Forster et al. 2016). Because ciliates are 
considered a monophyletic group based on synapomorphies and phylogeny (Dopheide et al. 
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2008; Baroin-Tourancheau et al. 1992), unknown taxa can be resolved by its association 
within monophyletic descendent clades, like the class Colpodea (Dunthorn et al. 2014). In our 
study, the order Colpodida still remained monophyletic among the other orders within the 
taxonomic group of Colpodea (Figs. 2, S1), even when many environmental partial sequences 
were added to full length sequences (Table S2). UIRs that clustered to known taxa as well as 
environmental clusters (UIRs clustering only with other UIRs) within each pairwise identity 
cut-off group, were added to a standard tree for Colpodea by Foissner et al. (2011). Sequence 
clustering of UIRs (defining scOTUs) using USEARCH (Edgar 2010) within Blast 
determined pairwise identity cut-off distances (80%, 97% and 99.7%) allowed a phylogenetic 
global similarity distance association with known lineages (e.g. Colpodasteiniiand scOTU44-
48; Fig. 2). Well studied taxa, for which more than one gene-variant was available in the 
database, were detected to have different occurance patterns across sites (Fig. S4). While the 
analysis for Colpoda steinii showed no difference in the occurrence of different OTUs, there 
was a clear geographical separation in the distribution of the two OTUs available for Colpoda 
inflata and Platyophrya vorax (Fig. S4). These three examples may indicate possible 
conspecific (Colpoda steinii) and congeneric (Colpoda inflata) diversity at ≥99.7% pairwise 
identity. It is not uncommon for well described, large (~300µm) flagship genera, with high 
endemic dominance to remain undiscovered (Esteban et al. 2006). 
In our study (Fig. 2), the exact number of species was difficult to determine using 
phylogeny, because it is commonly said that more than one taxon-specific pairwise identity 
cut-off value may be needed to differentiate individual species (Caron et al. 2009). Some taxa 
with conserved 18S rRNA gene sequences could be between 99.5 and 99.7% pairwise similar 
(He and Xu 2011). In such cases other molecular markers, such as cytochrome C oxydase or 
mitochondrial SSU-rDNA markers (Dunthorn et al. 2014), are required to confirm 
assignments. In other cases, a 3% dissimilarity, a common OTU clustering threshold, can 
uncover gene variants for important and well described taxa. This was indeed the case for 
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Colpoda steinii, Colpoda inflata and Platyophrya vorax even at ≥99.7% pairwise identity 
(Fig. S4). The mechanisms for intraspecific evolutionary change may be similar to the long 
discussed microdiversity acknowledged since decades in prokaryotic identification (Larkin 
and Martiny 2017). 
Molecular vs. morphological data for ciliates in soil. In our survey, most bbOTUs 
associated with unknown or unresolved family and superorder clades (clades with ending 
“_X“ in Fig. 3A-F and Table S2-S4). The PR2 database contained 9,360 ciliate sequences: 
Spirotrichea (3,934), Litostomatea (2,352), Oligohymenophorea (1,404), Colpodea (481) and 
Phyllopharyngea sequences (235); the typically dominant and described species (Dopheide et 
al. 2008). Fewer representative sequences were available for Heterotrichea (144), Prostomatea 
(117), Armophorea (76), Plagiopylea (67), Karyorelictea (65) and Nassophorea (24), which 
could have limited their identification because fewer gene matches were possible (Dopheide 
et al. 2008). Directly comparing a list of the UIRs and bbOTUs discovered within each 
pairwise identity group with information in molecular and morphological databases (Table 
S2-S4) indicated that three to eight times more UIRs were found than bbOTUs related to 
lineage morphospecies (Fig. 3A-D). The UIR to bbOTU-ratio is within the range of the 
number of cryptic morphospecies detected in globally distributed pelagic taxa using molecular 
data (De Vargas et al. 2015). Comparing our cluster sizes (UIRs) for OTUs withthe number of 
reference sequences available in the phylogenetic tree (Fig. 2) suggests that most UIRs in fact 
indicate microdiversityfor known taxa that are not in molecular databases 
(e.g.Colpodainflata). 
Of the bbOTUs results, only 51.1% of the Colpodea, Hypotrichia and Euplotia lineages 
discovered in our study contained binomial nomenclature information in the PR² database, 
both containing a genus and species annotation (Table S2-S4). For the entire Colpodea, the 
molecular database itself only contained about a third or less of the genus and species entries 
contained in the morphospecies database (Fig. 3A-D), because two thirds of the molecular 
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database was inflated with more than one sequence for the same species. This causes much 
uncertainty with regard to a well-studied territory like Europe (Foissner 2006), within a class 
with many flagship species(Foissner et al. 2011; Foissner et al. 2014) and experts work on 
putting environmental sequences in a phylogenetic context with reference sequences 
(Dunthorn et al. 2014).This discrepancy may even be exacerbated by an average synonymy 
rate of 20% for ciliates (Foissner et al. 2008).  
When relating the inventory data for the ciliate groups mentioned above (Table S2-S4) 
to phylogenetic analyses (Figs. 2, S1-S3), database discrepancies become clearer. Three novel 
paraphyletic branches with >97% global dissimilarity were detected for the genus Aspidisca 
in the order Euplotia (Fig. S3). These three scOTUs (OTU1 to 3) could very well have been 
one of the 70 morphologically described species in the databases for which only 22 reference 
sequences (15 species) exist in the molecular databases (PR2). At least 6 such branches 
(OTU1-4, OTU10-11, OTU12-14, OTU22-27, OTU 30-31, OTU44-48) could be detected in 
the well studied order of Colpodida alone (Fig 2). HTS studies often discover deep branching 
novel diversity among well described clades (Dunthorn et al. 2014; Šlapeta et al. 2005) and 
yet high hidden diversity (Foissner et al. 2008). We suggest that the very divergent sequence 
clusters within monophyletic groups from environmental study samples are orphaned flagship 
species. These flagship species are often not found in molecular databases. This could very 
well be the case in the order Colpodida containing many new phylogenetic scOTUs entries 
among stable and slow-evolving taxa within the phylogenetic tree (Fig. 2).  
Gradients detected usingbbOTUs. Environmental gradients and spatial scaling for 
150 grassland habitats indicated several mechanisms that influenced protist community 
structure (Figs. 4A-D). The environmental gradient influencing ciliate communities’ 
dispersion (Figs. 4B-D) was comparatively less obvious for database defined bbOTUs (Figs. 
S5A, C) than for database independent UIRs (Fig. S5B). Because gene variants existed for the 
same species, especially for dominant taxa in soil (Figs. 2, S1-S3), we assumed them to 
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representimportant ecological units (Díaz et al. 2006; Pawlowski et al. 2016). In our data, the 
presence-absence patterns per site were different for some variants of the same dominant 
species (Fig. S4), which suggested differences in ecological parameter preferences among 
some variants. 
We detected the influence of geographical separation on OTU communities, especially 
between exploratory sites located further apart (AEG and SEG, Fig. 4A) as also seen in the 
taxa-area relationships (Fig. S5). We also discovered that no one single factor influenced OTU 
separation, even though some strong gradients were detected (soil water content and soil type) 
to influence ordination graphs of species by site (Fig. 4B-C). The effect of pH might directly 
influence ciliate distribution but might also indirectly affect ciliate community structure due 
to its strong effect on bacterial communities (Fig. 4B) as determined in the same sampling 
plots (Gossner et al. 2016; Kaiser et al. 2016). Despite this fact, database shortcomings are 
apparent among taxa with few reference sequences leading to less conclusive indications for 
the influence of environmental parameters, e.g. Heterotrichea, Prostomatea and Nassophorea 
(Fig. 4C). Abundant taxa were more influenced by edaphic factors and land-use (Fig. 4D), 
which made them important candidates for biomonitoring. Because ellipses in the NMDS 
graphs (Fig. 4A-D) indicated Bray-Curtis distances between sites and species communities to 
the centroid (Oksanen 2017), we assumed that taxonomic groups located further away 
indicated less important candidates for biomonitoring. Since the first study of ciliates in 
environmental samples using 18S rRNA gene sequences (Dopheide et al. 2008), it has become 
clear that group specific primers (Geisen et al. 2015; Esteban et al. 2006) and a combination 
of molecular markers (Dunthorn et al. 2014) increase the chance at detecting micro-
eukaryotes and therefore their importance as biomonitoring taxa. HTS information becomes 
most useful when related to environmental data (Pawlowski et al. 2016), but because only a 
small number of all ciliates have been described thus far (Foissner et al. 2008), only a small 
part of known taxa are rediscovered in environmental HTS surveys (De Vargas et al. 2015). 
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High-throughput sequencing is a powerful tool in detecting ciliates in soil. Well studied 
taxa in molecular databases may contain multiple gene variants for single dominant species 
within well studied taxa (e.g.Spirotrichea and Colpodea) where gene variants can present own 
biogeography. This otherwise called microdiversitycan be important to indicate gradients 
(e.g., land-use intensity, soil water) influencing community structure. The discrepancy 
between molecular and morphological databases may cause partial or inaccurate identification 
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Data collection and soil sampling. Soil samples were collected in May 2011 from three 
different topo-geographic regions representing large parts (~44 000 km) of Central Europe 
(Germany, see Venter et al., in press). These samples cover 150 grasslands from the German 
Biodiversity Exploratories initiative (http://www.biodiversity-exploratories.de/) (Fischer et al. 
2010) encompassing three temporally and spatially scaled geo-referenced study plots: the 
UNESCO biosphere reserve Schorfheide-Chorin (SEG) in north-eastern Germany, Hainich-
Duen national park (HEG) in central Germany and the Schwaebische Alb UNESCO biosphere 
reserve (AEG) in south-western Germany. Standardized field sampling (Fischer et al. 2010; 
Brabender et al. 2012) was performed on samples taken 1 – 1000 km apart (mesoscale). To 
summarize the procedure, 20 x 20 m size grassland plots were selected representing a range of 
land-use intensities (LUI). At each site, 14 soil sub-samples were cored out (diameter, 8.3 cm) 
from the upper most 10 cm of the A horizon and the top most 5 cm root-layer was removed, 
excluding particles >2 cm in diameter. Cores were combined, homogenized and composite 
samples stored at 4°C while still at field moisture content. LUI index for the year 2011 was 
calculated from fertilization intensity (organic and mineral fertilization excluding livestock 
dunging), mowing frequency and grazing intensity (livestocks). Data was obtained from land 
owners by questionnaires (Blüthgen et al. 2012) and applied in this study to test the effect of 
land management on species richness and composition. 
DNA isolation, PCR amplification and NGS. Whole genomic DNA was extracted 
from 1 g of each composite sample using the PowerSoil® DNA isolation kit (Mo Bio 
Laboratories, Inc., Carlsbad, CA). DNA concentration was measured using the Nanodrop 100 
spectrophotometer (Thermo Fisher Scientific, Germany) and adjusted to 100 ng/µl using 
ddH2O. The V4 region of the 18S rRNA gene was directly amplified from the samples using 
eukaryotic specific primers 590F (5’-3’:CGGTAATTCCAGCTCCAATAGC) and 1300R (5’-
3’:CACCAACTAAGAACGGCCATGC). To separate the sequences, the Titanium primer 
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design and the recommended multiplex identifier (MID) adapter complex design (Roche, 
Germany) method was used. The pre-454 sequencing PCR reaction mixture (25 µl) contained: 
2µl (100 ng/µl) DNA, 2 µl 10x DNA polymerase buffer with 20 mM MgSO4, 2µl (1 μM) 
590F primer + Adaptor A, 2µl (1 μM) 1300R primer, 2µl (2 mM) dNTP each and 0.4 µl (2.5 
U/µl) Pfu DNA polymerase (Fermentas, Germany). Cycling conditions were: initial 
denaturation at 95°C for 3 min; 30 cycles at 95°C for 30 s, 55°C for 30 s, 72°C for 2 min; and 
a final extension at 72°C for 10 min. Each sample was amplified in triplicate and pooled to a 
final concentration of 20 ng/µl to eliminate possible PCR biases. NGS using the GS-FLX 
sequencer and Titanium sequencing kit XLR70 (Roche, Germany) was performed by GATC 
Biotech AG, Germany. Sequencing was done from the forward primer (adaptor A). 
Bioinformatics. DNA sequences were demultiplexed and filtered for (1.) 100% 
forward primer match to remove false positive PCR amplifications of non-rRNA genes; (2.) 
minimum sequence length of 200bp and (3.) a maximum sequence length of 710bp - to 
remove possible sequencing artefacts; and (4.) ambiguities (N’s), to exclude sequences 
containing uncertain base pairs. Sequences were scanned for chimeric sequences against the 
Protist Ribosomal (PR2 v203) reference database (Guillou et al. 2013) using the 
uchime_refalgorithm in the USEARCH v. 7.0.1090 package(Edgar et al. 2011) and trimmed 
to a maximum length of 530bp to avoid terminally located read errors and focus downstream 
analyses on the V4 region of interest (Niklas et al. 2013). Trimmed reads were dereplicated 
into 100% identical unique individual reads (UIRs) using the VSEARCH script (Rognes et al. 
2016) to identify singletons and align sequences to the database.  
Taxonomic analysis of sequencing data. UIRs with an initial abundance of 1 were 
termed singletons and removed to circumvent the dangers of pyrosequencing related artifacts 
(Tedersoo et al. 2010). UIRs were annotated by its closest matching reference sequence 
(accession number) in the Protist Ribosomal Reference (PR2) database (GenBank, version 
203, downloaded June 2016) for 18S rDNA sequences (Guillou et al. 2013). This applied a 
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form of closed-reference-clustering, where the accession number was used to identify 
operational taxonomic units (bbOTUs). Because multiple individual UIRs could be linked to a 
single accession number, a more stabilized and accurate information on complex communities 
could be ascertained. This compensated for pyrosequencing errors and inferred an upper 
(UIRs) and lower (bbOTUs) estimate of the actual species richness of protist ciliates in soil 
(see Venter et al., in press). Default Blastn parameters (open gap penalty 5, cost gap extension 
penalty 2, nucleic match 2, nucleic penalty mismatch -3 and word size 11) were applied and 
single hits were retained if E-value ≤e-100. UIRs with matching accession numbers were 
grouped into single bbOTUs. Lineages for UIRs were inspected for ambiguous identification 
using the metagenome analyzer (MEGAN  v. 5) program. Using 50 Blastn hits per query 
sequence, conserved sequences were correctly identified to the high-order taxa in the 
database, based on the lowest common ancestor (LCA) algorithm in MEGAN (Huson et al. 
2007). bbOTUs with 100% coverage and annotations to taxa for which the primer region is 
not a suitable (Pawlowski et al. 2012) as well as non-protistan taxa (Metazoa, Fungi and 
Embryophyta) were removed. 
OTUs vs. morphospecies richness. Determining species richness in environmental 
samples using NGS presented the added difficulty of determining species units (Caron et al. 
2009). For this purpose UIRs were further binned based on pairwise identity cut-off values to 
determine species richness at taxonomic levels. Low pairwise identity values might have 
binned congeneric UIRs (Caron et al. 2009; Nebel et al. 2011) and too high values might have 
excluded too many UIRs. Due to evolutionary rate differences within the V4 region of the 
SSU across taxa (Nebel et al. 2011) as well as sequencing and PCR error rates (Huse et al. 
2007; Niklas et al. 2013; Stoeck et al. 2010), UIRs with single base differences (≥99.7% 
sequence similarity) were binned to the species taxonomic level. The commonly used ≥97% 
pairwise identity level could be used as a conservative proxy level to separate genera (Caron 
et al. 2009), but was used in this study to compare results with other studies. The ≥80% 
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pairwise identity and last level for inclusion, stood as proxy for class taxonomic level (Stoeck 
et al. 2010). UIRs with<80% pairwise identity were excluded. We compared the OTUs found 
with this method with species described in Foissner (1999) and Berger (2001) and the 
webseite of Encyclopaedia of Life (www.eol.com). 
 Phylogenetic analysis of sequencing data. Complementary to local pairwise 
alignment, we placed amplicons into a phylogenetic context with reference sequences for 
known diversity. Query sequences (UIRs) together with their hit reference sequences 
(bbOTUs) from the PR2 v203 database were compiled into an input FastA file for clustering 
using the global alignment USEARCH v9.0.2132 program (Edgar 2010). Using the-cluster 
smallmem and -sortedby size options, the USEARCH package algorithm matched all 
sequences to all seeds until all hits to a centroid were found at ≥97% sequence identity. 
Centroids were aligned to sequences for standardized reference trees (Colpodea, Spirotrichea 
and Litostomatea) selected from literature (Foissner et al. 2014; Gao et al. 2016). Multiple 
sequence alignment was performed using the MAFFT v7.123b (Guindon and Gascuel 2003) 
and MUSCLE v3.8.31 algorithm(Edgar 2004). Ambiguously aligned columns were corrected 
by hand. Maximum likelihood (ML) analyses were carried out in RAxML-HPC v7.2.8 using 
GTR + I + G model for distribution of evolutionary rates across sites as determined using the 
MrAIC.pl 1.4.6 modeltest(Nylander 2004) and the following parameters: raxmlHPC -f a -x 
12345 -p 12345. Molecular protist ribosomal reference (PR2) database data for the taxa 
Colpodea, Hypotrichia and Euplotia was compared to next-generation sequencing data and 
morphologically described genusses and species using the lineage (order, family/superorder, 
genus and species) according to Adl et al. (2012). An inventory for morphologically described 
species were retrieved from literature (Foissner 1993; Berger 2001;) and  the online 
Encyclopaedia Of Life (EOL – http://www.eol.org) using the respective genera names as 
keywords. 
Statistical analysis. bbOTU data was converted to presence-absence matrices to avoid 
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the effect of inflated abundances. Species richness could be derived from the number of 
bbOTUs/UIRs per site and within each region using the collective binary data at taxonomic 
levels. Statistical analysis was conducted in R software version 3.3.1 (Core Team R, 2014), 
using the Vegan 2.0-7 (Oksanen 2016) package. Rank abundance analysis (Fisher log-series) 
was performed using the “fisherfit” function to determine the number of bbOTUs (taxa) 
across 150 sites.Species accumulation curves using the Kindt’s exact method under the 
“specaccum()” function was performed from random permutations of the presence-absence 
data to calculate the standard deviation and compute species richness. An asymptote indicates 
saturation for the taxa richness uncovered during the sampling effort. Correlations between 
taxa richness and global LUI values (Blüthgen et al. 2012) were performed using the 
“cor.test()” function in R by method of the Spearman rank test to produce significance 
values.Dependencies among variables were tested for by means of the “chisq.test()” (chi-
squared test) function in R.Multidimensional scaling (MDS) and non-metric multidimensional 
scaling (NMDS) using Bray-Curtis dissimilarity matrixes, were carried out using the 
“cmdscale()” and “metaMDS()” functions in the ‘Vegan’ package to illustrate constrained 
community ordination and random starting configurations, finally adding species scores as 
weighted averages. Ordinations for vectors based on continuous variables and centroids were 
fitted using the “envfit()” function, applying 999 permutations.Illustrations were done using 
the ‘gplots’ package (http://cran.r-project.org/web/packages/gplots/index.html).  
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Table S1. Summary of the V4 SSU gene sequences discovered in 150 grassland soil 
samples from the mesoscale (central Europe - Germany). Class and order identification 
for ciliate taxa and non-ciliate supergroups are given in tally for unique individual read (UIRs) 
sequences and Blast based operational taxonomic units (bbOTUs) matched to taxa in the 
protist ribosomal reference (PR2) database. Matches at three levels of sequence pairwise 
identity (≥80%, ≥97% and ≥99.7%) are given. Taxa percentages are given in brackets. 
 





(supergroup, class or ordera) Sequence identity Sequence identity Sequence identity 
   No. of UIRb No. of OTUsc  No. of UIRb No. of OTUsc  No. of UIRb No. of OTUsc 
Armophorea               
    Armophorida 1 1           
Cariacotrichea               
    Cariacotrichida 1 1           
Uncultured ciliate               
    Ciliophora-6_X 3 1           
Colpodea               
    Bursariomorphida 29 5  16 5  1 1 
    Colpodida 570 31  523 29  10 9 
    Cyrtolophosidida 71 7  44 6  1 1 
    Platyophryida 81 7  81 7  3 2 
Heterotrichea               
    Heterotrichida 7 2  7 2  1 1 
Litostomatea               
    Cyclotrichia 7 2  3 1      
    Haptoria 230 33  203 30  12 4 
    Trichostomatia 3 1  3 1      
Nassophorea               
    Nassophorea_X 35 7  27 5      
Oligohymenophorea               
    Astomatia 68 7  2 1      
    Hymenostomatia 8 1           
    Peniculia 6 4  1 1      
    Peritrichia 40 8  14 4      
    Scuticociliatia 68 10  47 3  2 1 
    Sessilida 24 10  18 9  4 3 
    Tetrahymenida 17 4  17 4  3 3 
Phyllopharyngea               
    Suctoria 3 2           
    Synhymenia 2 2           
Prostomatea               
    Prostomatea_X 2 2           
    Prostomatea-3 1 1  1 1      
Spirotrichea               
    Choreotrichia 5 1  5 1      
    Euplotia 15 2           
    Hypotrichia 1519 74  1300 63  248 44 
    Oligotrichia 2 1  2 1  1 1 
    Spirotrichea_X 3 1  3 1      
                
Total ciliates 2821 228  2317 175  286 70 
                             
a Classes and orders for the Ciliophora supergroup. 
b Unique individual read (UIR) sequences which were identified by Blast to reference sequences in the PR2 database. 
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Table S2. Molecular protist ribosomal reference (PR2) v203 database curated sequence 
inventory compared to next-generation sequencing (NGS) data discovered in 
grassland soil and morphologically described genusses and species within the class 
Colpodea. Lineage breakdown (Oder, Family/Superorder, Genus and Species) follows the 
revised classification of Eukaryotes by Adl et al. (2012), where unknown or unresolved family 
and superorder clade lineages are indicated ending with “_X“. A breakdown of NGS data 
indicates the number of unique individual reads (UIRs) and operational taxonomic units 
(OTUs) - UIRs grouped to the same accession number was counted as an OTU. Empty 
blocks indicate that OTUs or UIRs were not detected or respective morphologically described 
species were not listed. Morphologically described species are given for by Foissner et al. 
(1993) and the online encyclopaedia of life (EOL). #Database Acc. Num. - Number of 
database accountable accession numbers; #Species described - Number of morphologically 
described genusses and species catalogued by Foissner et al. (1993) and EOL. *Foissner W 
(1993) Protozoenfauna Volume 4/1. Edited by Pro. Dr. Dieter Matthes, Colpodea 
(Ciliophora), W. Foissner 1993. Stuttgart (Germany): Gustav Fischer Verlag. **Number of 
Morphospecies described and catalogued in the Encyclopaedia of Life (EOL - www.eol.org). 
 
                            
  Order Family/Superorder Genus Species listed in 































     Discotricha Discotricha papillifera 1        
     Lopezoterenia Lopezoterenia sp. 1        
   Colpodea-1 Colpodea-1_X Colpodea-1_XX Colpodea-1_XX sp. 326        
      Total:  329   0 0  167   
                      
  Bursario-
morphida 











triquetus, B. viridis 
    Bryometopus 
atypicus 
1     1 B. atypicus B. atypicus 
     Bryometopus 
pseudochilodon 
2  7 1  1 B. pseudochilodon B. pseudochilodon 
     Bryometopus sphagni 1  3 1  1 B. sphagni B. sphagni 
   Bursariomorphida_X Bryometopus Bryometopus 
triquetrus 
1  2 1  1 B. triquetrus B. triquetrus 
   Bursariomorphida_XX Bursariomorphida_XX 
sp. 
3  3 1     
   Bursariidae Bursaria Bursaria sp. 6  1 1  2 B. caudata, B. 
ovata 
Genus only, no 
species 
     Bursaria truncatella 1     1 B. truncatella  
      Total: 18   16 5  16   
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Table S2 continued. 
                          
 Order Family/Superorder Genus Species listed 
in PR2 and 
found in soil 
#Database 
Acc. Num. 









      
Colpodida Colpodida_X Colpodida_XX Colpodida_XX 
sp. 
2  26 1   
  Bromeliothrix Bromeliothrix 
metopoides 






   Jaroschia Jaroschia 
sumptuosa 
1     1 J. sumptuosa J. sumptuosa 
   Kalometopia Kalometopia 
duplicata 
1  7 1  2 K. duplicata, K. 
perronnei 
K. duplicata, K. 
perronnei 
   Pseudomaryna Pseudomaryna 
sp. 
1     1 P. australiensis 
(Foissner, 2003) 
P. australiensis 
   Repoma Repoma cavicola 1     1 1970 by Novotny 
for Colpoda) 
R. cavicula 
 Bardeliellidae Bardeliella Bardeliella 
pulchra 
1     1 B. pulchra B. pulchra 
  Bryophryidae Bryophrya Bryophrya 
gemmea 
1     5 B. bavariensis, B. 
bavariensis minor, 
B. rubescens, B. 
flexilis 
B. gemmea 
   Bryophryoides Bryophryoides 
ocellatus 
1     1 Not listed B. ocellatus 
   Notoxoma Notoxoma 
parabryophryides 
































 Colpoda aspera 2  10 2  1 C. aspera 
    Colpoda cucullus 2  39 1  1 C. cucullus C. cucullus 
    Colpoda 
ecaudata 
1     1 C. ecaudata  
    Colpoda elliotti 1  49 1  1 C. elliotii  
    Colpoda 
henneguyi 
1     1 C. henneguyi C. henneguyi 
    Colpoda inflata 3  35 2  1 C. inflata C. inflata 
    Colpoda lucida 2  3 1  1 C. lucida  
    Colpoda magna 1     1 C. magna  
    Colpoda 
maupasi 
4  20 1  1 C. maupasi C. maupasi 
    Colpoda minima 1     1 C. minima  
    Colpoda sp. 
strain1 
1        
    Colpoda steinii 8  31 2  1 C. steinii C. steinii 
   Exocolpoda Exocolpoda 
augustini 





11  137 4   








K. minuta, K. 
muscicola 
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Table S2 continued. 
                        
Order Family/Superorde
r 
Genus Species listed in 



















 Grossglockneriidae Mykophagophrys Mykophagophrys 
terricola 





  Pseudoplatyophrya Pseudoplatyophrya 
nana 







 Hausmanniellidae Bresslauides Bresslauides 
discoideus 






  Hausmanniella Hausmanniella 
discoidea 




H. discoidea, H. 
patella, H. 
quinquecirrata 
 Marynidae Maryna Maryna sp. 1  3 1  16 M. acuminata, 
















   Maryna ovata 1  7 1  1 M. ovata  
   Maryna umbrellata 1  2 1  1 M. umbrellata  




    Total: 76   523 29  85   
                    
























1     1  A. minor 






   Aristerostoma 
marinum 
1     1 A. marinum A. marinum 
  Cyrtolophosis Cyrtolophosis minor 1     1 C. minor C. minor 
   Cyrtolophosis 
mucicola 
5  3 2  1 C. mucicola C. mucicola 





3  11 1  2 P. alpestris 
P. terricola 
 
 Kreyellidae Cyrtolophosididae Microdiaphanosoma 
arcuatum 
1  1 1  2 M. arcuatum, M. 
terricola 
M. arcuatum 
    Total: 30   44 6  19   
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Table S2 continued. 
                        
Order Family/Superorder Genus Species listed in 













Platyophryida Platyophryidae Platyophrya Platyophrya sp. 6  43 2  11 P. armata, P. 
binucleata, P. 
citrina, P. dubia, 
P. hyalina, P. 
macrostoma, P. 
similis, P. sphagni 
P. angusta, P. 
binucleata, P. 
citrina, P. dubia, 






   Platyophrya 
bromelicola 
1  3 1    
   Platyophrya 
spumacola 
1     1 P. spumacola P. spumacola 
   Platyophrya 
vorax 
1  24 1  1 P. vorax P. vorax 
 Platyophryida_X Etoschophrya Etoschophrya 
inornata 
1     1 Not mentioned 
(only E. 
oscillatoriophagain 
VÖ: Foissner et al. 
2002) 
E. inornata 
  Kuklikophrya Kuklikophrya 
ougandae 
1     1 K. ougandae K. ougandae 
  Platyophryides Platyophryides 
magnus 
1        
  Platyophryida_XX Platyophryida_XX 
sp. 
4        




S. hyalina, S. 
australis 
 Sorogenidae Ottowphyra Ottowphyra 
dragescoi 
1     1 O. dragescoi 
(Foissner, 1987) 
O. dragescoi 
 Platyophryides Platyophryides 
sp. 
1  8 1     
  Sorogena Sorogena 
stoianovitchae 
4  2 1  1 S. stoianovitchae S.stoianovitchae 







 Woodruffides Woodruffides 
metabolicus 
3  1 1  1 W. metabolicus W. metabolicus 




    Total: 28   81 7  28   
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Table S3. Molecular protist ribosomal reference (PR2) v203 database curated sequence 
inventory for colpodean ciliates (Alveolata) compared to next-generation sequencing 
(NGS) data discovered in grassland soil and morphologically described genusses and 
species within the class Hypotrichia. Lineage breakdown (Oder, Family/Superorder, 
Genus and Species) follows the revised classification of Eukaryotes by Adl et al. (2012), 
where unknown or unresolved family and superorder clade lineages are indicated ending 
with “_X“. A breakdown of NGS data indicates the number of unique individual reads (UIRs) 
and Blast based operational taxonomic units (OTUs) - UIRs grouped to the same accession 
number was counted as an OTU. Empty blocks indicate that OTUs or UIRs were not 
detected or respective morphologically described species were not listed.  Morphologically 
described species are given for by Berger (2001)* and the online encyclopaedia of life (EOL). 
#Database Acc. Num. - Number of database accountable accession numbers; #Species 
described - Number of morphologically described genusses and species catalogued by 
Berger (2001) and EOL. *Berger H (2001) Catalogue of ciliate names 1. Hypotrichs. Salzburg 
(Austria): Verlag Helmut Berger. i-viii and 206 pp. **Number of Morphospecies described and 
catalogued in the Encyclopaedia of Life (EOL - www.eol.org). 
 
                    




































Halteriidae  Halteria  Halteria grandinella  11  48  3  1  Not found  Halteria grandinella 
  Halteriidae_X  Halteriidae_X sp.  12      3  Not found  2 Genera: Halteria and 
Pelagohalteria (P. Cirrifera, P. 
hyalina, P. viridis) 
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Table S3 continued. 
                  







Holostichidae  Anteholosticha  Anteholosticha gracilis  1      1  Not found  Anteholosticha gracilis 
    Anteholosticha manca  1      1  Not found  Anteholosticha manca 
    Anteholosticha marimonilata  1      1  Not found  Anteholosticha marimonilata 
    Anteholosticha monilata  1      1  Not found  Anteholosticha monilata 
    Anteholosticha petzi  1      1  Not found  Anteholosticha petzi 
    Anteholosticha pulchra  1      1  Not found  Anteholosticha pulchra 
    Anteholosticha scutellum  1      1  Not found  Anteholosticha scutellum 











    Anteholosticha warreni  1      1  Not found  Anteholosticha warreni 
  Holosticha  Holosticha bradburyae  1      1  Not found  Holosticha bradburyae 
    Holosticha diademata  2      1  Combined with Holosticha 
(Amphisia) diademata 
Holosticha diademata 
    Holosticha heterofoissneri  1      1  Not found  Holosticha heterofoissneri 
    Holosticha multistylata  1      1  Not found  Holosticha multistylata 
    Holosticha polystylata  1      1  Holosticha polystylata  Holosticha polystylata 






  Metaurostylopsis  Metaurostylopsis antarctica  1      1  Not found  Metaurostylopsis antarctica 
    Metaurostylopsis cheni  4      1  Not found  Metaurostylopsis cheni 
    Metaurostylopsis salina  2      1  Not found  Metaurostylopsis salina 
    Metaurostylopsis sinica  1      1  Not found  Metaurostylopsis sinica 
    Metaurostylopsis sp.  1      1  Metaurostylopsis marina  Metaurostylopsis marina 
    Metaurostylopsis 
struederkypkeae 
4      1  Not found  Metaurostylopsis 
struederkypkeae 
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Table S3 continued. 
                  












































  Apobakuella  Apobakuella fusca  1      1  Not found  Apobakuella fusca 




  Bergeriella  Bergeriella ovata  3  8  1  1  Not found  Bergeriella ovata 
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Table S3 continued. 
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Table S3 continued. 
                  
















































1      1  Onychodromus 
quadricornutus 
Onychodromus quadricornutus 




















































  Ponturostyla  Ponturostyla enigmatica  1      1  Ponturostyla 
enigmatica 
Ponturostyla enigmatica 
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Table S3 continued. 
                  













    Pseudourostyla nova  1      1  Pseudourostyla 
nova 
Pseudourostyla nova 





















  Stichotrichia  Stichotrichia sp.  4  13  2    Not found  Stichotrichia incertae sedis? 











































  Apogastrostyla  Apogastrostyla rigescens  1      1  Not found  Apogastrostyla rigescens 
  Bistichella  Bistichella FG‐2014  1  225  1  1  Not found  Bistichella FG‐2014 
    Bistichella variabilis  1  8  1  1  Not found  Bistichella variabilis 
  Cyrtohymena  Cyrtohymena citrina  4  24  1  1  Cyrtohymena 
citrina 
Cyrtohymena citrina 
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Table S3 continued. 
                  




































    Gastrostyla steinii  12  2  1  1  Gastrostyla steinii  Gastrostyla steinii 
  Gonostomum  Gonostomum namibiense  1  29  1  1  Not found  Gonostomum namibiense 

























    Gonostomum strenuum  3  37  2  1  Gonostomum strenuum  Gonostomum strenuum 
  Hemigastrostyla  Hemigastrostyla 
enigmatica 





  Hemiurosoma  Hemiurosoma terricola  1      1  Hemiurosoma terricola  Hemiurosoma terricola 










































Chapter 6 – Discrepancies between molecular and morphological databases of soil ciliates 
studied for temperate grasslands of central Europe 
178 
 
Table S3 continued. 




































  Oxytricha  Oxytricha elegans  1      1  Oxytricha elegans  Oxytricha elegans 
    Oxytricha 
ferruginea 
1      1  Oxytricha ferruginea  Oxytricha ferruginea 
    Oxytricha 
granulifera 




1  26  1  1  Oxytricha lanceolata  Oxytricha lanceolata 
    Oxytricha longa  2  6  1  1  Oxytricha longa  Oxytricha longa 
    Oxytricha 
longigranulosa 
2      1  Oxytricha longigranulosa  Oxytricha 
longigranulosa 
    Oxytricha ottowi  2      2  Oxytricha ottowi  Oxytricha ottowi 1 
MD‐2012, O. ottowi 2 
MD‐2012 
    Oxytricha saltans  1      1  Oxytricha saltans,  Oxytricha saltans 
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Table S3 continued. 
                  








Oxytrichidae  Oxytricha  Oxytricha trifallax  6  9  1  1  Oxytricha trifallax  Oxytricha trifallax 
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Table S3 continued. 
                  

















  Parabistichella  Parabistichella variabilis  1      1  Not found  Parabistichella variabilis 
  Paraparentocirrus  Paraparentocirrus 
sibillinensis 
1  4  1  1  Not found  Paraparentocirrus sibillinensis 
  Parasterkiella  Parasterkiella thompsoni  1      1  Not found  Parasterkiella thompsoni 























  Pattersoniella  Pattersoniella vitiphila  2      1  Pattersoniella 
vitiphila 
Pattersoniella vitiphila 






















    Pleurotricha lanceolota  1        Not found  No results 
  Protogastrostyla  Protogastrostyla pulchra  5      2  Not found  Protogastrostyla pulchra, 
Protogastrostyla sterkii 
  Rigidohymena  Rigidohymena candens  1      1  Not found  Rigidohymena candens 
  Schmidingerothrix  Schmidingerothrix sp.  2      1  Not found  Schmidingerothrix sp. 1 TS‐2013  
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Table S3 continued. 
                  







  Sterkiella  Sterkiella cavicola  1      12  Sterkiella cavicola  Sterkiella cavicola 
    Sterkiella histriomuscorum  5      1  Sterkiella histriomuscorum  Sterkiella histriomuscorum 
    Sterkiella nova  2      1  Sterkiella nova  Sterkiella nova 






















  Stylonychia  Stylonychia ammermanni  2      1  Not found  Stylonychia ammermanni 
    Stylonychia bifaria  1      1  Stylonychia bifaria  Stylonychia bifaria 
    Stylonychia lemnae  23  8  1  1  Stylonychia lemnae   
    Stylonychia mytilus  18      1  Stylonychia mytilus  Stylonychia mytilus 
    Stylonychia notophora  1      1  Stylonychia notophora  Stylonychia notophora 




















































Parabirojimidae  Parabirojimia  Parabirojimia multinucleata  1      1  Not found  Parabirojimia multinucleata 
    Parabirojimia similis  1      1  Not found  Parabirojimia similis 
Pseudokeronopsidae  Antiokeronopsis  Antiokeronopsis flava  1      1  Not found  Antiokeronopsis flava 
  Apokeronopsis  Apokeronopsis bergeri  2      2  Not found  Apokeronopsis bergeri, 
Apokeronopsis antarctica 
    Apokeronopsis crassa  2      1  Not found  Apokeronopsis crassa 
    Apokeronopsis ovalis  2      1  Not found  Apokeronopsis ovalis 
    Apokeronopsis sinica  1      1  Not found  Apokeronopsis sinica 
    Apokeronopsis wrighti  1      1  Not found  Apokeronopsis wrighti 
  Pseudokeronopsis  Pseudokeronopsis carnea  2      1  Pseudokeronopsis carnea  Pseudokeronopsis carnea 
    Pseudokeronopsis erythrina  1      1  Not found  Pseudokeronopsis erythrina 
    Pseudokeronopsis flava  3      2  Pseudokeronopsis flava  Pseudokeronopsis flava, 
Pseudokeronopsis cf. flava 
    Pseudokeronopsis rubra  4      1  Pseudokeronopsis rubra  Pseudokeronopsis rubra 
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Table S3 continued. 
                  

























  Heterokeronopsis  Heterokeronopsis pulchra  1      1  Not found  Heterokeronopsis pulchra 






  Nothoholosticha  Nothoholosticha fasciola  1      1  Not found  Nothoholosticha fasciola 






















Rigidotrichidae  Rigidothrix  Rigidothrix goisery  1      1  Not found  Rigidothrix goisery 
Spirofilidae  Pseudouroleptus  Pseudouroleptus caudatus  1      1  Pseudouroleptus caudatus  Pseudouroleptus caudatus 
(Pseudouroleptus caudatus 
caudatus) 
    Pseudouroleptus jejuensis  1      1  Not found  P. jejuensis 

























1      1  Strongylidium 
pseudocrassum 
Strongylidium pseudocrassum 
Trachelostylidae  Spirotrachelostyla  Spirotrachelostyla tani  1      3  Not found  Spirotrachelostyla tani, 
Spirotrachelostyla simplex, 
Spirotrachelostyla spiralis 
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Table S3 continued. 
                  








Urostylidae  Diaxonella  Diaxonella pseudorubra  1      1  Not found  Diaxonella pseudorubra 
    Diaxonella trimarginata  3      1  Diaxonella 
trimarginata 
Diaxonella trimarginata 































  Tunicothrix  Tunicothrix sp.  1      1  Not found  Tunicothrix rostrata 
    Tunicothrix wilberti  1      1  Not found  Tunicothrix wilberti 






  Uroleptus  Uroleptus gallina  2  11  1  1  Not found  Uroleptus gallina 
    Uroleptus pisces  3      1  Not found  Uroleptus pisces 
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Table S4. Molecular protist ribosomal reference (PR2) v203 database curated sequence 
inventory for euplotian ciliates (Alveolata) compared to next-generation sequencing 
(NGS) data discovered in grassland soil and morphologically described genusses and 
species within the order Euplotia. Lineage breakdown (Oder, Family/Superorder, Genus 
and Species) follows the revised classification of Eukaryotes by Adl et al. (2012), where 
unknown or unresolved family and superorder clade lineages are indicated ending with “_X“. 
A breakdown of NGS data indicates the number of unique individual reads (UIRs) and Blast 
based operational taxonomic units (OTUs) - UIRs grouped to the same accession number 
was counted as an OTU. Empty blocks indicate that OTUs or UIRs were not detected or 
respective morphologically described species were not listed. Morphologically described 
species are given for by Berger (2001)* and the online encyclopaedia of life (EOL). 
#Database Acc. Num. - Number of database accountable accession numbers; #Species 
described - Number of morphologically described genusses and species catalogued by 
Berger (2001) and EOL. *Berger H (2001) Catalogue of ciliate names 1. Hypotrichs. Salzburg 
(Austria): Verlag Helmut Berger. i-viii and 206 pp. **Number of Morphospecies described and 
catalogued in the Encyclopaedia of Life (EOL - www.eol.org). 
 










Aspidiscidae  Aspidisca  Aspidisca aculeata  1      1  Aspidisca aculeata  A. aculeata 
    Aspidisca fusca  1      1  Aspidisca fusca  A. fusca 
    Aspidisca hexeris  2      1  Aspidisca hexeris  A. hexeris  
    Aspidisca leptaspis  1      1  Aspidisca leptaspis  A. leptaspis 
    Aspidisca magna  1      1  Aspidisca magna  A. magna 
    Aspidisca orthopogon  1      1  Aspidisca orthopogon  A. orthopogon 
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Table S4 continued. 







































1      1  Not found  Paradiscocephalus 
elongatus 
    Paradiscocephalus sp.  1        Not found  Not found 









Euplotidae  Euplotes  Euplotes aediculatus  8      1  Euplotes 
aediculatus 
Euplotes aediculatus 
    Euplotes balteatus  1      1  Euplotes 
balteatus 
Euplotes balteatus 
    Euplotes bisulcatus  1      1  Euplotes 
bisulcatus 
Euplotes bisulcatus 






    Euplotes cristatus  1      1  Euplotes 
cristatus 
Euplotes cristatus 
    Euplotes daidaleos  5      1  Euplotes 
daidaleos 
Euplotes daidaleos 
    Euplotes dammamensis  1      1  Not found  Euplotes 
dammamensis 





    Euplotes encysticus  2      1  Euplotes 
encysticus 
Euplotes encysticus 
    Euplotes euryhalinus  4      1  Euplotes 
euryhalinus 
Euplotes euryhalinus 









    Euplotes focardii  2      1  Euplotes focardii  Euplotes focardii 










    Euplotes minuta  14      1  Euplotes minuta  Euplotes minuta 








    Euplotes muscorum  2      1  Euplotes 
muscorum 
Euplotes muscorum 
    Euplotes neapolitanus  1      1  Euplotes 
neapolitanus 
Euplotes neapolitanus 
    Euplotes nobilii  24      1  Not found  Euplotes nobilii 
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Table S4 continued. 









Euplotidae  Euplotes  Euplotes octocarinatus  3      1  Euplotes octocarinatus  Euplotes octocarinatus 
    Euplotes orientalis  1      1  Not found  Euplotes orientalis 
    Euplotes parabalteatus  1      1  Not found  Euplotes parabalteatus 
    Euplotes parawoodruffi  1      1  Euplotes parawoodruffi  Euplotes parawoodruffi 
    Euplotes parkei  1      1  Euplotes parkei  Euplotes parkei 





    Euplotes plicatum  1      1  Euplotes plicatum  Euplotes plicatum 
    Euplotes quinquecarinatus  1      1  Euplotes quinquecarinatus  Euplotes 
quinquecarinatus 
    Euplotes raikovi  4      1  Euplotes raikovi  Euplotes raikovi 
    Euplotes rariseta  5      1  Euplotes rariseta  Euplotes rariseta 
    Euplotes sinicus  2      1  Not found  Euplotes sinicus 






















































    Euplotes trisulcatus  1      1  Euplotes trisulcatus  Euplotes trisulcatus 
    Euplotes vannus  11      1  Euplotes vannus  Euplotes vannus 
    Euplotes woodruffi  13      1  Euplotes woodruffi  Euplotes woodruffi 
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Table S4 continued. 


















    Moneuplotes vannus  2      2  Moneuplotes vannus  Moneuplotes minuta 
Gastrocirrhidae  Euplotidium  Euplotidium arenarium  2      1  Euplotidium arenarium  Euplotidium arenarium 
    Euplotidium itoi  2      1  Euplotidium itoi  Not found 
















Uronychiidae  Apodiophrys  Apodiophrys ovalis  1      1  Not found  Apodiophrys ovalis 
  Diophryopsis  Diophryopsis hystrix  1      1  Genus: Diophrys  Diophryopsis hystrix 
  Diophrys  Diophrys apoligothrix  2      1  Not found  Diophrys apoligothrix 
    Diophrys appendiculata  2      2  Diophrys appendiculata, Diophrys 
appendiculata samuchi, 
Diophrys appendiculata 
    Diophrys japonica  1        Not found  Diophrys japonica 
    Diophrys oligothrix  5      1  Diophrys oligothrix  Diophrys oligothrix 
    Diophrys 
parappendiculata 
2        Not found  Diophrys 
parappendiculata 
    Diophrys scutum  6      1  Diophrys scutum  Diophrys scutum 





























  Heterodiophrys  Heterodiophrys zhui  1      1  Not found  Heterodiophrys zhui 











  Pseudodiophrys  Pseudodiophrys nigricans  2      1  Not found  Pseudodiophrys 
nigricans 
  Uronychia  Uronychia binucleata  2      1  Uronychia binucleata  Uronychia binucleata 
    Uronychia multicirrus  2      1  Uronychia multicirrus  Uronychia multicirrus 
    Uronychia setigera  5      1  Uronychia setigera  Uronychia setigera 
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Table S5. A list of organisms and their accession numbers detected at ≥97% pairwise 
identity in all 150 grassland soil sampling sites. 
Clas  Order  Genus and species (Accession number)    
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Figure S1 (Previous page). Phylogenetic placement of unique individual read (UIR) clusters 
within the known diversity for the colpodean classes of Cyrtolophosidida, Bursariomorphida 
and Plathyophryida. UIRs identified at ≥99.7% -, ≥97% -, and ≥80% sequence pairwise identity within 
the class group was inferred by the V4 SSU gene alignment to protist ribosomal reference (PR2) 
database sequences and then clustered together with the returned reference sequences at ≥97% 
global similarity. Known and unknown diversity was included into the basic maximum likelihood (ML) 
tree structure adopted from Foissner (2011) and Foissner et al. (2014) originally containing the 51 
reference taxa. Barcharts at the bold fonted leaves indicate the number of UIRs associated to the 
respective cluster at ≥97% - and ≥80% sequence pairwise identity level resolution to reference 
sequences. 
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Figure S2 (Previous page). Phylogenetic placement of unique individual read (UIR) 
clusters within the known diversity for the Hypotrichia. UIRs identified at ≥99.7% -, 
≥97% -, and ≥80% sequence pairwise identity within the class group was inferred by the V4 
SSU gene alignment to protist ribosomal reference (PR2) database sequences and then 
clustered together with the returned reference sequences at ≥97% global similarity. Known 
and unknown diversity was included into the basic maximum likelihood (ML) tree structure 
adopted from Dunthorn et al. (2014) originally containing the 51 reference taxa. Barcharts at 
the bold fonted leaves indicate the number of UIRs associated to the respective cluster at 
≥97% - and ≥80% sequence pairwise identity level resolution to reference sequences. 
 
 
Figure S3. Phylogenetic placement of unique individual read (UIR) clusters within the 
known diversity for the Euplotia. UIRs identified at ≥99.7% -, ≥97% -, and ≥80% sequence 
pairwise identity within the class group was inferred by the V4 SSU gene alignment to protist 
ribosomal reference (PR2) database sequences and then clustered together with the returned 
reference sequences at ≥97% global similarity. Known and unknown diversity was included 
into the basic maximum likelihood (ML) tree structure adopted from Dunthorn et al. (2014) 
originally containing the 51 reference taxa. Barcharts at the bold fonted leaves indicate the 
number of UIRs associated to the respective cluster at ≥97% - and ≥80% sequence pairwise 
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Figure S4. Heatmaps indicating the geographic occurrences of gene variants for dominant 
taxa. Gene variants correspond to the different operations taxonomic units (OTUs) and their 
differential occurrence at the Biodiversity Exploratory sites Schwaebische Alb (AEG), Hainich-Duen 
(HEG) and Schorfheide-Chorin (SEG). 
Site  Colpoda steinii  Colpoda inflata  Platyophrya vorax  Oxytrichidae_X sp. 
OTU 44  OTU 45  OTU 47  OTU 10  OTU 11  OTU 11  OTU 13  JN635488  KJ509196 












AEG12  3  1 1 
AEG13  2  1 
AEG14  1  1 1 
AEG15  1 1 
AEG16  3  1 1 1 
AEG17  1 1 
AEG18  3  2 1 1 1 
AEG19  1 1 1 
AEG20  1 1 
AEG21  1 1 1 
AEG22  1 1 
AEG23  2  1  1 
AEG24  2  1 1 1 
AEG26  1 
AEG27  1  1 1 
AEG28  1 1 1 
AEG29  1 1 
AEG30  1 1 1 
AEG31  1 1 
AEG33  1  1 1 
AEG34  2  1 1 
AEG35  1 1 




AEG40  2  1 1 
AEG41  1 1 
AEG42  1 
AEG43  1 1 1 
AEG44  2  1 1 1 
AEG45  1 1 
AEG46  1 1 1 
AEG48  1 
AEG49  1 1 
AEG50  2  2  1 
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Figure S4. Continued. 
Site  Colpoda steinii  Colpoda inflata Platyophrya vorax Oxytrichidae_X sp. 
OTU 44  OTU 45  OTU 47  OTU 10 OTU 11 OTU 11 OTU 13 JN635488  KJ509196 
HEG1  2 1  1 1  1
HEG2  2  3 1  1
HEG3  2 1 1  1
HEG4  2 1
HEG5  1 1  1
HEG6  1 1 2 1
HEG7  5 1  1
HEG8  4 1 1  1
HEG9  1
HEG10  8 1  1
HEG11  3 1 1 1  1
HEG12  1  1
HEG13  1 1  1
HEG14  1
HEG15  2 1 1  1
HEG16  1 1
HEG17  1 1  1
HEG18  1  1
HEG19  1 1  1
HEG20  1
HEG21  1 1 1  1
HEG22  1 1 2 1  1
HEG23  1  1
HEG24  1 1  1
HEG25  2 1  1  1
HEG26  1 1 
HEG27  1 3 1  1
HEG28  1 2 1  1
HEG29  2 1  1
HEG30  1 1  1
HEG31  3 1  1
HEG32  2 1
HEG33  1 1 1 1  1
HEG34  3 1 1 1  1
HEG35  1  1
HEG36  1 1  1
HEG37  1
HEG38  1 
HEG39  1 2 1  1
HEG40  1  1
HEG41  1
HEG43  1 1 1  1
HEG44  1 1
HEG45  1 1 1  1
HEG46  1  1
HEG47  1 1  1
HEG48  1 1  1
HEG49  2 1 1 1  1
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Figure S4. Continued. 
Site  Colpoda steinii  Colpoda inflata  Platyophrya vorax  Oxytrichidae_X sp. 







SEG8  3 1  1



















SEG33  1 1 1  1
SEG34  1 3 1  1
SEG35  1  1







SEG43  1 1 1  1
SEG44  1 1  1
SEG45  1 1  1
SEG46  4 1  1
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Figure S5. Log-log transformed taxa-area curves comparing all protist unique 
individual reads (UIRs) to ciliate and non-ciliate UIRs for all Biodiversity Exploratory 
samples (n=150). Geographic distance was calculated using the coordinates for all sites and 
presence/absence data for protist UIRs was determined at ≥80% reference sequence 
similarity. The y-intercept, slope of the taxa-area curve (z-value), amount of variation in 
species by area (R-squared) and the significance (p-value) are given (all protists = upper 
line, non Ciliophora = middle line, Ciliophora = lower line). Presence/absence data for UIRs 
indicating taxa-area gradients (z-value) in relation to area size (km²) were adjusted for 
statistical evenness (see Methods). Mean distance between Biodiversity Exploratory sites: 
~311 km (<1 - 626 km). 
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Figure S6. Log-log transformed ciliate taxa-area curves for all Biodiversity Exploratory 
sites (n=150) in Schwaebische Alb (AEG), Hainich-Duen (HEG) and Schorfheide-Chorin 
(SEG). (A) Taxa-area relationship of Blast based operational taxonomic units (OTUs) for all 
sites and individual exploratories. (B) Taxa-area relationship of unique individual reads 
(UIRs) for all sites and individual exploratories. (C) Taxa-area relationship of OTUs according 
to ≥80% (upper line), ≥97% (middle line) and ≥99.7% (lower line) sequence pairwise identity 
cut-offs (seq ID cut-off). Distances are based on geographic coordinates and data for 
OTUs/UIRs based on presence/absence data, calculated at ≥80% reference sequence 
similarity. The slope of the taxa-area curve (z-value), variance in OTUs/UIRs by area (R-
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Protists are the most diverse and abundant eukaryotes in soil. However, the gap 
between described and sequenced protist morphospecies still presents a pending 
problem when surveying environmental samples for known species using molecular 
methods. The number of sequences in the database (~130,000) is limited compared 
to the species richness expected (~1.8 million named species) - limiting the recovery 
rate. This is important, since high throughput sequencing (HTS) methods are used to 
find associative patterns between functional traits, taxa and environmental 
parameters. We surveyed soil flagellates using HTS in 150 grasslands of central 
Europe, tested the recovery rate of ten previously isolated and cultivated cercomonad 
species, and compared locally found diversity. We recovered sequences for expected 
flagellate morphospecies, but also a great number of their genetic variants – possibly 
different species, among rare and dominant taxa with presumably own biogeography. 
We recorded dominant (cercozoans, Sandona), rare (apusozoans) and a large 
hidden diversity of predominantly aquatic protists in soil (choanoflagellates, 
bicosoecids) often forming novel clades associated with uncultured environmental 
sequences. Evaluating the UIRs, instead of the OTUs that individual reads are 
usually clustered into, we discovered that much of the hidden diversity may be lost 
due to clustering. 
  




Heterotrophic flagellates are a heterogeneous group of protists comprising colorless 
grazers of bacteria, other protists, particulate and dissolved organic matter with high 
diversity (Leadbeater and Green 2000). They are found widespread in soils, with 
abundances of up to 170,000 cells per gram of soil dry weight (Ekelund et al. 2001; 
Geisen et al. 2015). Functionally, they link the carbon and nutrient flow between 
primary producers with higher trophic levels, making them very important players in 
the microbial food web in soil (e.g. Geisen and Bonkowski 2017). Despite their 
important role in soil, they are the least studied soil protist group, compared to soil 
ciliates and testate amoebae, because of their small size of between 1 and 450µm 
and less distinctive morphology (Foissner 2006). Their accurate taxonomic 
placement is greatly dependent on phylogenetic analyses of their 18S rRNA genes 
(Geisen et al. 2015). Typical soil flagellates include cercozoans, bodonids and 
chrysomonads (Foissner 1991), while rare soil taxa include apusomonads, euglenids 
and bicosoecids (Ekelund et al. 2001; Griffith et al. 2001; Domonell et al. 2013). 
Because of the taxonomical uncertainty and morphological identification 
shortcomings, a combination of culture-independent and culture-dependent methods 
are necessary to accurately describe their diversity in ecological systems (e.g. 
Ekelund et al. 2001; Schoenle et al. 2016; Jeuck et al. 2017). This becomes obvious 
when clades within mainly freshwater and marine taxa (bicosoecids and 
choanoflagellates) are discovered in terrestrial environments, but largely associates 
with other environmental sequences only (e.g. del Campo and Massana 2011). 
Using the V4 region of the 18S rRNA gene as a marker in high-throughput 
sequencing (HTS) is considered a quick and reliable method for describing flagellate 
communities (del Campo and Massana 2011). HTS diversity for cercozoans 
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correlates well with Sanger sequences for the same marker gene (Dunthorn et al. 
2014; Harder et al. 2016). Even though dominant protists in soil can be identified, a 
comparison of morphological and molecular methods indicates that community 
dominance patters are not always the same between methods used (Domonell 2013; 
Santoferrara et al. 2014). To reliably resolve known and unknown taxa as well as to 
find novel clades in environmental samples, HTS metabarcoding primers need to be 
specific (Pawlowski et al. 2012), presence/absence data is preferred to equate 
relative richness within geographic scales (Venter et al. 2017; Zaiko et al. 2015) and 
partial sequences must be put in a phylogenetic context with full length 18S SSU 
gene sequences from described morphospecies (Dunthorn et al. 2014). Using the V4 
region of this gene is enough to resolve species diversity for the main flagellate 
lineages (Pawlowski et al. 2012). Very few studies examine the recovery of described 
morphospecies and their genetic variability under semi-natural conditions (e.g. 
Glücksman et al. 2010), and there is a lack of recovery rate studies in natural 
environments. This is especially important, because even ecological and behavioral 
differences among the same species can be identified as intraspecific variation 
(Glücksman et al. 2010), where interspecific variation among protist species can 
reflect differences in ingestion- and growth-rates (Weisse 2002; Weisse et al. 2016). 
These clonal variations within the same species is thought to be caused by 
epigenetic pressures such as bacterial population shifts leading to grazing pressures 
on bacterivores, making protists excellent indicators of changing environmental 
conditions (Foissner 1999; Glücksman et al. 2010; Weisse 2002).  
The majority of HTS 18S rRNA marker gene data present many novel 
environmental sequences, with large distances to cultured clones. Additionally, some 
of the smaller taxa like Apusozoa, have not yet been recovered in HTS 
metabarcoding and metatranscriptomic annotated data from surveys of terrestrial 
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systems (Bates et al. 2013; del Campo and Massana 2011; Geisen et al. 2015). Most 
of all, we still lack detailed information regarding the biogeography and distribution of 
phylotypes in soils. For most of these molecular surveys a huge rare biosphere is 
investigated and even sequences for flagellates previously thought to be 
geographically limited to specific limnic systems are discovered and unknown clades 
are left as “cryptic species” (Bates et al. 2013; del Campo and Massana 2011; 
Geisen et al. 2015). Using detailed phylogenetic techniques, some of these cryptic 
species may represent a closely related diversity, where possible gene-variants of 
similar species may fill the functional gaps in complex terrestrial ecosystems under 
different ecological conditions (Gossner et al. 2016; Soliveres et al. 2016; Venter et 
al. 2017). Even a few base pair differences between sequences for the same species 
may indicate a different ecotype/species (Glücksman et al. 2010).  
In this study, we evaluated the recovery rate and genetic variance of HTS for 
ten cercozoan species previously described from the same sampling sites 
(Brabender et al. 2012). We hypothesize that the recovery of species described from 
these same sampling sites should be possible with high pairwise similarity 
identification. The recovery rate should be high for described species from the 
original site of discovery compared to sampling sites distant from the original point of 
discovery. This recovery rate should make it possible to describe the biogeographic 
dispersal and accuracy of the recovery of variants for the same morphospecies and 
how abundant the same species is in the mesoscale (150 sampling sites). Using the 
18S rRNA gene as a HTS marker we expect many novel environmental sequences 
with large distances to cultured clones and a huge rare biosphere for flagellates 
previously thought to be geographically limited to specific habitats. 
  




The first aim was to test whether the HTS of all 150 sampling sites did recover the 
ten cercomonad species which were isolated and described from four grassland and 
from four nearby forest sites in the Hainich-Dün National Park (Brabender et al. 
2012). All four grassland sites being identical to four of the metabarcoding sites. We 
intended to estimate how frequently the HTS unique individual reads (UIRs) for the 
ten cercomonads could be recovered from all 150 sites (Fig. 1). The studied species 
included three Cercomonas (C. directa [HFCC901], C. pellucida [HFCC903], C. 
jendrali [HFCC905]), two Eocercomonas (E. perecta  [HFCC908], E. exploratorii 
[HFCC909]), three Paracercomonas (P. proboscata [HFCC913], P. kuegeri 
[HFCC915], P. bassi [HFCC918]), one Nucleocercomonas (N. praelonga [HFCC920]) 
and one Metabolomonas (M. insania [HFCC922]) species (see Brabender et al. 
2012).  
Seven of the ten species were recovered from the HTS data of the same 
sampling sites, where unique individual reads (UIRs) were identified by the first 
BLAST hit accession number in the Protist Ribosomal Reference (PR2; Guillou et al. 
2013) database (Fig. 1). Because the first BLAST hit may conceal equally valid 
bitscore results, we constructed a database consisting of the reference sequences for 
the ten reference species and performed a BLAST of all query UIRs sequences to 
them. BLAST results indicated that only a single base pair difference existed between 
UIRs (max length: 530bp) and the reference sequences for the three remaining 
species (C. pellucida, C. directa, P. kuegeri) (Fig. 1). Their sequence similarities 
(99.81% pairwise identity) were well within the p-distances to other congeneric 
species within Cercomonas (0.050; max. p-distance 0.183) and Paracercomonas 
(0.095; max. p-distance: 0.280; Table S1).  





Fig. 1: Maximum likelihood (ML) phylogenetic tree showing the affiliation of the 18S rRNA 
gene Sanger sequences for the 10 described morphospecies (in bold) by Brabender et al. 
(2012) together with presence/absence distribution within the 150 grassland soil plots of the 
Biodiversity Exploratory sites (heatmaps). Circles (°) indicate organism not identified by first 
BLAST hit results of all unique individual reads (UIRs) against the Protist Ribosomal 
Reference (PR2) database. Stars (*) indicate organisms initially identified in forest samples, 
where all others were isolated from grassland samples. Query UIRs were re-BLASTed 
against the 10 reference sequences isolated from Biodiversity sites in Hainich-Dün and their 
highest scoring hit sequences from HTS were added to the tree. When more than one high 
scoring hit was present above 99.7% pairwise identity, these were included. ML bootstraps, 
produced by 1000 replicates in RAxML, are indicated by the size of the black filled circles, all 
greater than 50%. 
 
Recovery amongst other dominant cercozoans: The recovery rates for the 
ten isolated species were then evaluated for among all other recovered cercomonad 
UIRs in the 150 HTS study sites (Figs. 2 and S1). For this purpose UIRs together 
with PR2 reference sequences were clustered into operational taxonomic units 
(OTUs) at a common and comparative threshold value (97% pairwise identity) and 
the OTUs were integrated into a tested backbone phylogenetic tree by Bass et al. 
(2009). Environmental-only OTU-clusters nested among known diversity (OTUs with 
accession numbers) with PR2 database curated taxonomy, but were discovered at 
different biogeographic sites compared to the known-diversity clusters (e.g. 
Cercomonas celer, Fig. 2). Cluster sizes (number of UIRs) for environmental OTUs 
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were often larger than reference sequence-containing clusters, across similarity cut-
offs for UIRs as determined by BLAST. The cercomonad backbone tree from Bass et 
al. (2009) containing the described and recovered species, retained its topology (see 
Brabender et al. 2012; Clade A and B), despite the addition of partial sequences 
(Figs. 2 and 1A). Monophyletic branches existed for Cercomonas and 
Eocercomonas, while Nucleocercomonas (including Nucleocercomonas praelonga) 
was paraphyletically associated with Paracercomonas, within the larger tree (Fig. S1; 
see Methods). Compared to other taxa identified, the ten isolated species occurred at 
fewer sites (e.g. Cercomonas sp. OTU 297; Fig. 2). 
The dominant cercozoan taxon Sandonidae: One third (76 accession 
numbers) of the 288 reference sequences for Sandona in the PR2 database were 
recovered in this study at >80% pairwise identity (Fig. 3). Assuming that distribution 
patterns (discovered location and number of occurrences in 150 sites) reflect 
differences in ecological adaptations, marker UIRs for the Sandonidae was 
discovered with high coverage and ubiquitous in grassland soils. Interesting was that 
dominant taxa were often OTUs with high pairwise identity distance to reference 
sequences and different biogeography to reference-taxa containing OTUs. For 
example, Neoheteromita globosa (U42447) was represented with a high coverage 
rate (83 of the 150 sites), but UIRs had low pairwise similarity to reference 
sequences (mean: 98.95%, max: 99.04%). This OTU phylogenetically associated 
closely with an environmental cluster (OTU 272) and an unresolved Neoheteromita 
sp. (AF411280), although occurrence patterns overlapped. In comparison to the 
Neoheteromita globosa OTU biogeography, the Mollimonas vickermani (HQ918173) 
cluster contained fewer UIRs with higher pairwise identity (mean: 99.43%, max: 
99.81%), but the closest environmental cluster (OTU 85) was distantly related and its 
UIRs had a different distribution pattern (Fig. 3). 








Fig. 2 (previous page): Maximum likelihood (ML) phylogenetic tree pruned to represent the 
Cercomonas and Eocercomonas clades indicating the affiliation of 266 full length reference 
library-derived GenBank (August 2017) and 330 partial environmental unique individual 
reads (UIRs) sequences for the V4 region of the 18S rRNA gene; 569 sequences; 2939 
positions. The backbone tree (101 sequences) is derived from a Cercomonas and 
Eucercomonas gene library tree by Bass et al. (2009). Annotations for described sequences 
by Brabender et al. (2012) are in bold. ML bootstraps, produced by 1000 replicates in 
RAxML, are indicated by the size of the black filled circles, all greater than 50%. Horizontal 
barcharts at the tips of leaves in the ML tree indicate the cluster size at the relative pairwise 
identity cut-off levels (≥80%, ≥97% and ≥99.7%) included in operational taxonomic units 
(OTUs). Heatmaps associated with leaves in the ML tree indicate the presence/absence of 





Fig. 3: Maximum likelihood (ML) phylogenetic tree pruned to represent the Sandonidae clade 
indicating the affiliation of 266 full length reference library-derived GenBank (August 2017) 
and 330 partial environmental unique individual reads (UIRs) sequences for the V4 region of 
the 18S rRNA gene; 569 sequences; 2939 positions. The backbone tree (101 sequences) is 
derived from a Cercomonas and Eucercomonas gene library tree by Bass et al. (2009). ML 
bootstraps, produced by 1000 replicates in RAxML, are indicated by the size of the black 
filled circles, all greater than 50%. Horizontal barcharts at the tips of leaves in the ML tree 
indicate the cluster size at the relative pairwise identity cut-off levels (≥80%, ≥97% and 
≥99.7%) included in operational taxonomic units (OTUs). Heatmaps associated with leaves in 
the ML tree indicate the presence/absence of UIRs centroids within the 150 Biodiversity 
Exploratory grassland sites. 






Fig. 4: Maximum likelihood (ML) phylogenetic tree representing the Apusomonadida 
(Protozoa: Apusozoa) indicating the affiliation of 28 full length reference library-derived 
GenBank (August 2017) and 50 partial environmental unique individual reads (UIRs) 
sequences for the V4 region of the 18S rRNA gene; 78 sequences; 2200 positions. The 
backbone tree (25 sequences) is derived from an apusozoan gene library tree by Cavalier-
Smith and Chao (2010). ML bootstraps, produced by 1000 replicates in RAxML, are 
indicated by the size of the black filled circles, all greater than 50%. Heatmaps associated 
with leaves in the ML tree indicate the presence/absence of UIRs centroids within the 150 
Biodiversity Exploratory grassland sites.  
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The rare cercozoan group Apusozoa: To further elucidate the distribution 
patterns of single UIRs clustered within OTUs, we selected another supergroup with 
fewer representation in our HTS dataset. Without clustering, we put all recovered 
UIRs in a phylogenetic relationship; including their first BLAST hit reference 
sequences (Fig. 4). Even when adding many environmental partial sequences to full 
length reference sequences, the published phylogenetic backbone tree by Cavalier-
Smith and Chao (2010) retained its topography. Most UIRs clustered very clearly 
within shallow branches for three Apusomonas proboscidea (L37037, DQ207567 and 
DQ207568) reference sequences at the far edge of the tree (Fig. 4). Within these 
three groupings, some single UIRs indicated obvious ubiquitous distribution (max. 78 
of 150 sampling sites) while having BLAST hit results with high pairwise sequence 
identity (≥99.7%) to reference sequences. Comparing geographic coverage of UIRs 
within phylogenetic groupings, some close clustering UIRs with lower pairwise 
identity to the BLAST reference sequences presented with an own individual 
biogeographic distribution. For example, within the Amastigomonas cluster, a 
distantly related group of five UIRs with BLAST sequence similarity below 97% 
clustered with Amastigomonas mutabilis (AY050182) could be a representative of an 
undiscovered species. 
Choanoflagellates in soil. Analysing the barcoding V4 region of the SSU 
rRNA gene indicated that UIRs for these typical aquatic flagellates were present and 
widespread in the arable soil samples (69 of the 150 sites), but not ubiquitous (Fig. 
5). Most UIRs occurred at lower altitude (10 – 140m) in the Schorfheide-Chorin (30 
sites) compared to the Hainich-Dün (16 sites; elevation: 285 – 550m) or the 
Schwäbische Alb (23 sites; elevation: 462 – 858m). Interestingly, many of these UIRs 
were phylogenetically closely related to each other, forming large clusters, but many 
of these clusters could not be directly assigned to already sequenced species (Fig. 5;  
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Fig. 5 (previous page): A choanoflagellate maximum likelihood (ML) phylogenetic tree 
indicating the affiliation of 80 full length reference library-derived GenBank (August 2017) 
and 50 partial environmental unique individual reads (UIRs) for the V4 region of the 18S 
rRNA gene; 445 positions. The backbone tree (101 sequences) is derived from a study by 
Carr et al. (2017). ML bootstraps, produced by 1000 replicates in RAxML, are indicated by 
the size of the black filled circles, all greater than 50%. All UIRs with hits greater than 80% 
pairwise identity were included. Heatmaps associated with leaves in the ML tree indicate the 
presence/absence of UIRs centroids within the 150 Biodiversity Exploratory grassland sites. 
 
 
UIRs 1-9, 10-11, 12-13, 17-21, 43-49). They showed a sequence similarity to only 16 
choanoflagellate reference sequences in the PR2 database (mean 94%; min 83%; 
max 99%), indicating that soils are inhabited by a high number of yet unsequenced, if 
not undescribed choanoflagellate species. Some UIRs were considered spurious (at 
a single site), but in all cases the same UIR appeared at least 2 times. Among strict 
freshwater related UIRs and shallow branches, support values for associations were 
strong (Fig. 5; UIRs 17-21, UIRs 39-40 and UIRs 36-36). In addition, several soil 
choanoflagellate related UIR clusters were also identified (e.g. UIRs 33-35; Fig. 5).  
 Bicosoecids in soil. This HTS survey detected no less than 55 UIRs 
scattered throughout 76 of the 150 grassland sites, where most UIRs occurrences 
were in agriculturally non-fertilized pastures of the Schwäbische Alb (36 UIRs 
occurring at 10 sites; Fig. 6). Aligning these UIRs to reference sequences using 
BLAST, grouped all UIRs under 12 accession numbers of which only one was a 
described species (Adriamonas peritocrescens, AF243501). Putting these UIR partial 
sequences into a published phylogenetic tree for bicosoecids with other reference 
sequences (Cavalier-Smith and Chao 2006) returned monophyletic associations with 
strong support for the Bicoecales and Pseudodendromonadales where all UIRs 
clustered (Fig. 6). In other words, UIRs grouped within phylogenetic branches 
containing reference sequences previously isolated from freshwater and soil samples 
with high support values (>50% bootstrap values). 
  




Fig. 6: A maximum likelihood (ML) phylogenetic tree of the bicosoecids indicating the affiliation of 36 
full length reference library-derived GenBank (August 2017) and 55 partial environmental unique 
individual reads (UIRs) for the V4 region of the 18S rRNA gene; 1931 positions. The backbone tree 
(22 sequences) is derived from a study by Cavalier-Smith and Chao (2006). ML bootstraps, produced 
by 1000 replicates in RAxML, are indicated by the size of the black filled circles, all greater than 50%. 
All UIRs with hits greater than 80% pairwise identity were included. Heatmaps associated with leaves 
in the ML tree indicate the presence/absence of UIRs centroids within the 150 Biodiversity Exploratory 
grassland sites. 




Recovery rate. We have demonstrated that ten organisms, previously isolated and 
cultivated from soils in Hainich-Dün National Park and morphologically described by 
Brabender et al. (2012) could be recovered from environmental samples from the 
same sites. We could even indicate their recovery rate in 150 sampling sites across 
central Europe (Fig. 1). Flagellated protozoans are known to be the most dominant 
soil organisms next to ciliophorans (Bates et al. 2013; Domonell et al. 2013; Howe et 
al. 2009; Venter et al. 2017). Flagellate abundances in the same exploratory sites 
were previously determined to be about 28 x 103 ind./g dry soil weight, of which 
~64% were cercozoans (Domonell et al. 2013).  
 We found that recovering the ten morphospecies in 150 grassland soil 
samples was highly dependent on pairwise-identity inclusion values (Fig. 1) and 
methods (see results). The first BLAST hits of all HTS reads against the entire PR2 
database only identified seven of the ten species. Only when UIRs were BLASTed to 
the ten reference sequences alone, was the presence of the others discovered. 
Secondly, when putting the recovery of the ten morphospecies into a phylogenetic 
context with all other cercozoans found in the 150 sampling sites, their distribution 
and UIR-richness in soil was among the rare species cases. If only one BLAST hit for 
a rare query sequence is returned, this reduces the chance of correctly identifying 
taxa, because of low representation. Sometimes only one UIR with low distribution 
would represent a single species, compared with other more dominant taxa and 
OTUs masking many UIRs (Figs. 1, 2 and S1). Finally, it became obvious that related 
UIRs, often with different sequence pairwise similarity values to reference 
sequences, also had complete different geographical distribution (e.g. E. exploratorii, 
Fig. 1). These may have been gene-variants or different ecotypes of the same 
Chapter 7 – The hidden diversity of flagellated protists in soil 
217 
 
species or different species (Gill et al. 2015; Glücksman et al. 2010; Weisse et al. 
2016). This experiment indicated an extreme case of how the hidden diversity and 
rare biosphere represented by species with low abundance in environmental samples 
could be undervalued. 
 The ten morphotypes in context with other cercozoans. Putting the 10 
morpholgically described species from the exact same HTS sampling sites in context 
with all other HTS reads for the 150 sampling sites in phylogenetic trees underlined 
their position in the rare biosphere (Figs. 2 and S1). Clustering HTS unique individual 
reads (UIRs) into biologically meaningful OTUs indicated that their biogeographic 
distributions were sparse compared to other dominant OTUs (Figs. 1-4, S1). Despite 
this, HTS detected two of the ten morphologically described soil cercozoans originally 
described from forest plots (Brabender et al. 2012), but here recovered in grassland 
sites (e.g. E. exploratorii). This confirms the sensitivity of HTS compared to culture-
dependent methods. 
 Cercozoans in general. Based on the number of UIRs incidences of the 
recovered ten species within all sites, we discovered that cercozoan communities 
were more dominant in the Schorfheide-Chorin (53 in Schwäbische Alb, 53 in 
Hainich-Dün, 90 in Schorfheide-Chorin, Fig. 1). Schorfheide-Chorin soils were 
expected to be more arid, because of less precipitation (520-600mm mean annual 
precipitation) than the Schwäbische Alb (938-963 mm mean annual precipitation(and 
the Hainich-Dün (500-800mm mean annual precipitation; Blüthgen et al. 2012). The 
ten described morphotypes were however wider distributed, than where the 
cercozoans which were first discovered by isolation and cultivation in the Hainich-
Dün National Park (Brabender et al. 2012; Figs. 2, S1). Even though all ten 
morphospecies are capable of cyst formation, this geographic distribution in 
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temperate grasslands from central Europe is similar to HTS results for Cercozoa from 
other parts of the world (North- and South America and even the Antarctica; Bates et 
al. 2013).  
With UIRs clustered into OTUs at individual pairwise identity cut-offs 
sometimes increased the appearance of a broader geographic distribution (Fig. 2) 
compared to UIRs alone (Fig. 1). OTUs with dominant occurrence at the 150 
sampling sites were often found to be also UIRs with >3% distance to 
phylogenetically related reference sequences in the database (Figs. 1 to 3, S1). 
Some OTUs (clustering at 97% pairwise identity) included UIRs ranging in sequence 
pairwise distance from ≥99.7% to <97% to the closest reference sequence in the PR2 
database. Together, this information indicates a high hidden diversity, even within 
OTUs clustered at ≥97% pairwise identity across taxa. This most probably 
disregarded the possible differences in intraspecific sequence variation, where 
conspecific species were grouped into single OTUs (Caron et al. 2009). Results 
simultaneously indicated that a high (>50%) number of protist species are still not 
morphologically described, or maybe described but not sequenced (Foissner 2006). 
However, HTS reads were not so distantly related to sequences for uncultured 
organisms from soil compared to sequences originating from marine and freshwater 
studies (del Campo and Massana 2011).  
Other dominant cercozoan taxa. The sandonids are a clade of gliding 
cercozoans, redescribed under the term glissomonads basically assigned to this 
group based on their 18S rRNA gene (Howe et al. 2009). This group is part of the 
free-living heterotrophic biflagellates and described to be dominant predators of 
bacteria in soil (Howe et al. 2009). In our study we detected one of the most common 
flagellated species in soil with high abundance: Neoheteromita globosa (Fig. 3). This 
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flagellate is known from soil for a long time, previously called Heteromita globosa, 
and is also very common in geographically distant soils, e.g. Australia (Ekelund and 
Patterson 1997). What we however discovered was that even for this species, most 
UIRs within the cluster was below 99.7% and even below 97% similar to the 
reference sequence (accession number U42447; Fig. 3). OTUs once again hide a 
large phylogenetic diversity and possible ecotypes (where UIRs have different 
biogeography), indicating that we probably found traces of a related species. Most 
clusters containing UIRs with higher sequence identity were associated with 
unresolved taxa (e.g. Sandonidae_X sp.). The only sandonid OTU with genus and 
species annotation, detected at higher pairwise identity levels (>97%) and clustering 
many UIRs with high distribution across all 150 sites, was Mollimonas vickermani 
(HQ918173). This species was also previously detected from Scottish grasslands 
(Howe et al. 2011) indicating that it most probably has a wide distribution in 
temperate soils. For the rest of the tree containing mostly unresolved taxa, we have 
to agree with findings of Howe et al. (2011), that most of their large diversity is still 
undescribed.  
Examples of rare species being dominant in soil. To evaluate individual 
UIRs within OTUs, we examined a small group of protists – the apusozoans. For the 
50 UIRs in our dataset, BLAST identified six of the 261 Apusomonas supergroup 
accession numbers in the PR2 database. Representatives of three species groups 
(Amastigomonas mutabilis, Apusomonas proboscidea and Fabomonas tropica) and 
one unresolved apusomonadid were discovered. To elucidate this, UIRs from soil 
HTS sites were directly put into a phylogenetic context among other described SSU 
reference reads (Fig. 4). We uncovered at least three Apusomonas proboscidea and 
one environmental cluster for an Amastigomonas related species in grassland soil. 
This is noteworthy, because Apusomonas sequences from soil were not even 
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mentioned in some of the pioneering protist diversity studies based on HTS, where 
samples were taken from a wide variety of soils (Bates et al. 2013). This species has 
been known for a long time to be a typical soil flagellate, but less abundant and 
detected only sporadically in soil (Ekelund and Patterson 1997). One UIR, possibly a 
single gene variant of Apusomonas proboscidea (L37037), indeed seemed to be 
non-fastidious, spread highly ubiquitously (occurring at 51 of the 150 sites; Fig. 4). 
Put into the “high number of rare taxa in soil” perspective, this Apusomonas sp. in our 
study alone is extremely ubiquitous. HTS often presents with many rare taxa (Harder 
et al. 2016; Geisen et al. 2015), where >70% of OTUs are represented by <5 reads 
and OTUs are clustered when ≥97% sequence similarity exists between them (Bates 
et al. 2013). A deeper analysis of the three Apusomonas proboscidea (L37037, 
DQ207567, DQ207568) clusters indicated that the three strains are 97%, 96% and 
94% sequence similar to one another. If clustered under the same name, this species 
would have occurred at 86 of the 150 sites. As for the five UIRs associated with A. 
mutabilis (AY050182), they possibly belong to an undescribed Amastigomonas 
species, because of the high distance (>97%). Because some UIRs were endemic to 
the grasslands of Schorfheide-Chorin, it may be that more than one ecotype is 
present within this cluster.  
Apparently aquatic protists in soil (choanoflagellates and bicosoecids). 
Choanoflagellates are generally considered as bacteriovores, making up a 
considerable part of the pelagic communities in marine and freshwater systems 
(Arndt et al. 2000). However, several recent HTS studies have indicated the 
presence of choanoflagellates in soil (Bates et al. 2013; Geisen et al. 2015; Lara et 
al. 2011), and proof exists that this typical marine and freshwater group is also an 
autochthonous inhabitant of soil (Ekelund and Patterson 1997; Geisen et al. 2015). 
Unfortunately, above mentioned studies provide low resolution of the query 
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sequences and retrieved only few OTUs from soil. Furthermore, despite the PR2 
database (version) containing 486 different choanoflagellate sequences, it is very 
likely that many more species remain to be discovered in soil. 
Very few UIRs associated with terrestrial reference sequences (5 UIRs; UIRs 
16, 23, 33-35), while most recovered UIRs clustered with freshwater reference 
sequences (27 UIRs) with high support values (Fig. 5). As most craspedid species 
have not yet been studied regarding their salinity tolerance, any conclusion regarding 
restrictions or affiliations to a certain habitat parameter, e. g. salinity, would be highly 
speculative. Nevertheless, no UIRs related to acanthoecid species were found, which 
are predominantly restricted to marine and brackish water, with only a few exceptions 
(Nitsche 2014; Paul 2012). One important prerequisite for aquatic species to survive 
in soil is the ability to form resting stages to withstand unfavorable conditions like 
drought, which frequently occurs in soil. Up to now, no cyst formation has been 
described for acanthoecids (Leadbeater 2015 ; Nitsche 2014), while cyst formation 
for craspedids has been reported (Stoupin et al. 2012; Jeuck et al. 2014). Because 
only a single SSU gene was used for the analyses in this study, we did not attempt to 
elaborate on aspects of taxonomy or phylogeny. Some authors even caution the use 
of environmental sequences in phylogenetic context with reference sequences, 
because weak phylogenetic relationships between environmental freshwater and 
marine sequences can cause unstable or unresolved phylogenies, especially when 
using the SSU gene for choanoflagellates (Carr et al. 2017; Nitsche et al. 2011). 
Despite the relatively short UIR read length, all choanoflagellate species 
detected, clustered clearly within the clade of Craspedida, supporting the monophyly 
of this group (Fig. 5). In general, various variants (sequences with only one basepair 
difference to the original sequences; Mahé et al. 2015) within a phylogenetic cluster 
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were detected to have a very specific distribution across the 150 sampling sites with 
little biogeographic overlap (Fig. 5). These microvariants are usually masked within 
OTUs, due to clustering methods. One example are the strain variants (UIR 43-49) 
related to Salpingoeca oahu, which show different distribution patterns. 
Worth mentioning are the strain variants for Codosiga botrytis, previously 
discovered in ancient and modern soils from Morocco and Siberia (Stoupin et al. 
2012) and here also discovered from two sampling sites in Central Europe (Fig. 5; 
UIR 16). C. botrytis is a morphospecies complex, including many cryptic species with 
the same morphology but with large genetic distances (Stoupin et al. 2012).  
When comparing our results to a previous study, only one UIR (UIR 14) was 
>94% pairwise identical to a contig (contig 3) previously isolated by Geisen et al. 
(2015) from 12 mineral and organic soil samples from various vegetation and climatic 
zones (Fig. 5). This is probably related to the technological limitations resulting in a 
limited number of reads, which again does not allow drawing conclusions regarding 
general distribution patterns.  
Regarding bicosoecids, only three of the 55 environmental bicosoecid UIRs 
could be related to a free-living soil flagellate species (Adriamonas peritocrescens 
[AF243501]), albeit with low pairwise identity (~94%; Fig. 6). The rest of the UIRs 
phylogenetically clustered with uncultured and unresolved taxa. Many of these 
reference sequences were isolated from sometimes very distant aquatic habitats 
(Lake Baikal [JN547286], Lake Tanganyika [GU290106, GU290103], Lac 
Pavin/France [AY642710], Praz Rodet/ Switzerland [GQ330587], 
Stechlinsee/Germany [HM135093]) and soil samples (Socompa Volcano/Puna de 
Atacama [FJ592448]). Some were even isolated from a purification plant (Japan 
[AB721035, AB721079]) as well as under increased CO2 levels (EF023669, 
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EF023971). Bicosoecids, known as colorless marine and freshwater heterotrophs, 
are one of the least studied flagellate groups in soil. Along with apusomonads and 
choanoflagellates, they are counted to the rare species in soil (Griffiths et al. 2001). A 
previous study indicated that their presence and abundances (0.2 - 2.6 x 106 ind./g) 
in middle European grasslands are proof that these flagellates are not so rare in soil; 
in some instances accounting for up to 10% of the total cultivable flagellate 
abundance (Domonell 2013). We agree with this notion, but for those few cultivation 
based reference sequences in the database, studies employing HTS can contribute 
to understand in-situ diversity and dominance patterns in their natural environments. 
In our study, low average pairwise identity (95.3%, min: 92.3, max: 98.8) 
existed between our bicosoecid environmental sequences and mostly uncultivated 
environmental sequences in the PR2 database (Fig. 6). Bicosoecids are represented 
by 590 reference sequences in the PR2 database, of which >434 are of uncertain 
taxonomic position or from uncultured environmental samples. This low 
correspondence between environmental sequences and the culture based 
sequences was already noticed for freshwater bicosoecids (del Campo and Massana 
2011). Throughout this HTS study, we attempted to combine the semi-quantitative 
and biogeographic knowledge associated with HTS reads and the taxonomic 
knowledge of morphological studies. This situation is however paradoxical, in that 
one is literally using the unknown rare species diversity to detect and describe the 
diversity of an ever greater unknown diversity, to formulate an ecological 








Descriptions of new organisms should be based on morphology, genotypes (18S 
rRNA gene) and their ecology (Bass et al. 2009; Carr et al. 2017; Cavalier-Smith and 
Chao 2010; Howe et al. 2009; Howe et al. 2011). But, few studies evaluate the HTS 
recovery rate of the barcodes for organisms from the same site of discovery. Here, 
recovered the reference genes for flagellated organisms previously discovered in a 
study by Brabender et al. (2012) using a HTS dataset. Among commonly dominant 
(e.g. sandonids) and rare (e.g. apusozoans, choanoflagellates and bicosoecids) soil 
flagellates, as well as among the unresolved species sequences, a high unknown 
diversity was detected. For the dominant soil cercozoan flagellates (Cavalier-Smith 
and Chao 2010; Bates et al. 2013), we could indicate likelihood of semi-endemic 
geographic distribution (Foissner 2006), but only when critically dissecting UIRs from 
OTUs in a phylogenetic tree. This recovery rate by means of phylogeny could be 
used to describe the geographic dispersal and accuracy of recovery of gene variants 
for the same morphospecies and how abundant the same species is in the 
mesoscale (150 sampling sites). Surprising was the discovery of a large diversity of 
mainly aquatic  taxa, although most UIRs formed clusters that associated close to 
other uncultured environmental sample reference sequences in the curated protist 
database (PR2). Many novel environmental sequences had large distances to 
cultured clones and a huge rare biosphere for flagellates was revealed. Evaluating 
the UIRs instead of the OTUs that individual reads are usually clustered into, we 
discovered that much of the hidden diversity may be lost, when phylotypes are 
clustered at a single pairwise identity cut-off. 
 
  




Data collection and soil sampling. We used a high-throughput sequencing (HTS) 
dataset for samples covering 150 grasslands from three different topo-geographic 
regions representing large parts (~44 000 km) of Central Europe (Germany, see 
Venter et al. 2017) in the mesoscale (samples 1 – 1000 km apart). These soil 
samples were collected in May 2011 as part of the German Biodiversity Exploratories 
initiative (http://www.biodiversity-exploratories.de/) (Fischer et al. 2010) 
encompassing three temporally and spatially scaled geo-referenced study plots: the 
UNESCO biosphere reserve Schorfheide-Chorin (SEG) in north-eastern Germany, 
Hainich-Dün National Park (HEG) in central Germany and the Schwäbische Alb 
UNESCO biosphere reserve (AEG) in south-western Germany. Standardized field 
sampling (Fischer et al. 2010; Brabender et al. 2012) and analyses is described by 
Venter et al. (2017). In short, 20 x 20 m size grassland plots were selected 
representing a range of land-use intensities (LUI). At each site, 14 soil sub-samples 
were cored out (diameter, 8.3 cm) from the upper most 10 cm of the A horizon and 
the top most 5 cm root-layer was removed, excluding particles >2 cm in diameter. 
Cores were combined, homogenized and composite samples stored at 4°C while still 
at field moisture content. 
DNA isolation, PCR amplification and HTS. Whole genomic DNA was 
extracted from 1 g of each composite sample using the PowerSoil® DNA isolation kit 
(Mo Bio Laboratories, Inc., Carlsbad, CA). DNA concentration was measured using 
the Nanodrop 100 spectrophotometer (Thermo Fisher Scientific, Germany) and 
adjusted to 100 ng/µl using ddH2O. The V4 region of the 18S rRNA gene was directly 
amplified from the samples using eukaryotic specific primers 590F (5’-
3’:CGGTAATTCCAGCTCCAATAGC) and 1300R (5’-
3’:CACCAACTAAGAACGGCCATGC). To separate the sequences, the Titanium 
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primer design and the recommended multiplex identifier (MID) adapter complex 
design (Roche, Germany) method was used. The pre-454 sequencing PCR reaction 
mixture (25 µl) contained: 2µl (100 ng/µl) DNA, 2 µl 10x DNA polymerase buffer with 
20 mM MgSO4, 2µl (1 μM) 590F primer + Adaptor A, 2µl (1 μM) 1300R primer, 2µl (2 
mM) dNTP each and 0.4 µl (2.5 U/µl) Pfu DNA polymerase (Fermentas, Germany). 
Cycling conditions were: initial denaturation at 95°C for 3 min; 30 cycles at 95°C for 
30 s, 55°C for 30 s, 72°C for 2 min; and a final extension at 72°C for 10 min. Each 
sample was amplified in triplicate and pooled to a final concentration of 20 ng/µl to 
eliminate possible PCR biases. HTS using the GS-FLX sequencer and Titanium 
sequencing kit XLR70 (Roche, Germany) was performed by GATC Biotech AG, 
Germany. Sequencing was done from the forward primer (adaptor A). 
Bioinformatics. DNA sequences were demultiplexed and filtered for (1.) 100% 
forward primer match to remove false positive PCR amplifications of non-rRNA 
genes; (2.) minimum sequence length of 200bp and (3.) a maximum sequence length 
of 710bp - to remove possible sequencing artefacts; and (4.) ambiguities (N’s), to 
exclude sequences containing uncertain base pairs. Sequences were scanned for 
chimeric sequences against the Protist Ribosomal (PR2 v203) reference database 
(Guillou et a. 2013) using the uchime_ref algorithm in the USEARCH v. 7.0.1090 
package (Edgar et al. 2011) and trimmed to a maximum length of 530bp to avoid 
terminally located read errors and focus downstream analyses on the V4 region of 
interest (Niklas et al. 2013). Trimmed reads were dereplicated into 100% identical 
unique individual reads (UIRs) using the VSEARCH script (Rochnes et al. 2016) to 
identify singletons and align sequences to the database.  
Taxonomic analysis of sequencing data. UIRs with an initial abundance of 
one were termed singletons and removed to circumvent the dangers of 
pyrosequencing related artifacts (Tedersoo et al. 2010). UIRs were annotated by their 
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closest matching BLAST hit reference sequence (accession number) in the Protist 
Ribosomal Reference (PR2) database (GenBank, version 203, downloaded June 
2016) for 18S rDNA sequences (Guillou et al. 2013). This applied a closed-reference-
binning (CRB), where the accession number was used to identify centroids, similar to 
that for operational taxonomic units (OTUs). UIRs with matching accession numbers 
were grouped into single CRBs. Because multiple individual UIRs could be linked to a 
single accession number, a more stabilized and accurate information on complex 
communities could be ascertained using CRBs. This compensated for 
pyrosequencing errors and inferred an upper (UIRs) and lower (CRBs) estimate of 
the actual species richness of protists in soil (see Venter et al. 2017). Default BLAST 
parameters (open gap penalty 5, cost gap extension penalty 2, nucleic match 2, 
nucleic penalty mismatch -3 and word size 11) were applied and single hits were 
retained if E-value ≤e-100. Lineages for UIRs were inspected for ambiguous 
identification using the metagenome analyzer (MEGAN v. 5) program. Using 50 
BLAST hits per query sequence, conserved sequences were correctly identified to 
the high-order taxa in the database, based on the lowest common ancestor (LCA) 
algorithm in MEGAN (Huson et al. 2007). UIRs with 100% coverage and annotations 
to taxa for which the primer region is not a suitable (Pawlowski et al. 2012) as well as 
non-protistan taxa (Metazoa, Fungi and Embryophyta) were removed. For the scope 
of this paper, Ciliophora and Amoebozoa annotated sequences were removed too. 
OTUs vs. morphospecies richness. Determining species richness in 
environmental samples using HTS presented the added difficulty of determining 
species units (Caron et al. 2009). For this purpose UIRs were further binned based 
on pairwise identity cut-off values to determine species richness at taxonomic levels. 
Low pairwise identity values might have binned congeneric UIRs (Caron et al. 2009; 
Nebel et al. 2011) and too high values might have excluded too many UIRs. Due to 
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evolutionary rate differences within the V4 region of the SSU across taxa (Nebel et al. 
2011) as well as sequencing and PCR error rates (Huse et al. 2007; Niklas et al. 
2013; Stoeck et al. 2010), UIRs with single base differences (≥99.7% sequence 
similarity) were binned to the species taxonomic level. The commonly used ≥97% 
pairwise identity level could be used as a conservative proxy level to separate genera 
(Caron et al. 2009), but was used in this study to compare results with other studies. 
The ≥80% pairwise identity and last level for inclusion, stood as proxy for class 
taxonomic level (Stoeck et al. 2010). UIRs with <80% pairwise identity were 
excluded. 
 Phylogenetic analysis of sequencing data. Complementary to local pairwise 
alignment, we placed UIRs into a phylogenetic context with reference sequences for 
known diversity. For groups where many query sequences (UIRs) associated with a 
taxonomic group (Cercozoa), UIRs together with their hit reference sequences 
(CRBs) from the PR2 v203 database were compiled into an input FastA file for 
clustering into classical OTUs using the global alignment USEARCH v9.0.2132 
program (Edgar 2010). Using the -cluster smallmem and -sortedby size options, the 
USEARCH package algorithm matched all sequences to all seeds until all hits to a 
centroid were found at ≥97% sequence identity.  
In all cases OTUs (centroid sequence) or UIRs were aligned to sequences for 
standardized reference trees of Cercomonadida (Bass et al. 2009), Choanoflagellida 
(Carr et al. 2017), Apusomonadida (Cavalier-Smith and Chao 2010) and 
Bicosoecidae (del Campo and Massana 2011). Multiple sequence alignment was 
performed using the MAFFT v7.123b (Guindon and Gascuel 2003) and MUSCLE 
v3.8.31 algorithm (Edgar 2004). Ambiguously aligned columns were corrected by 
hand. Maximum likelihood (ML) analyses were carried out in RAxML-HPC v7.2.8 
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using GTR + I + GAMMA model for distribution of evolutionary rates across sites and 
the following parameters: raxmlHPC -f a -x 12345 -p 12345.  
Statistical analysis. Data for UIRs and their sampling sites were assembled 
into pivot-tables and converted to presence-absence matrices to avoid the effect of 
inflated abundances. Species richness could be derived from the number of 
OTUs/UIRs per site and within each region using the collective binary data at 
taxonomic levels. Statistical analysis was conducted in R software version 3.3.1 
(Core Team R, 2014), using the Vegan 2.0-7 (Oksanen 2017) package. Correlations 
were performed using the “cor.test()” function in R using the Spearman rank test to 
analyse significance values.  
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Tables 
Table S1: The congeneric variance within all Cercomoas, Eocercomonas, Metabolomonas, 
Nucleocercomonas and Paracercomonas reference sequences. The variance in p-distance 
(mean, minimum and maximum) was determined by including all sequences for the species 
within the genera from the Protist Ribosomal Reference (PR2) database (GenBank, version 













               
 Cercomonas  137  0.050  0.000 0.183  95%   
 Eocercomonas  20  0.060  0.000 0.137  94%   
 Metabolomonas  1  0.000  0.000 0.000  100%   
 Nucleocercomonas  3  0.000  0.000 0.000  100%   
 Paracercomonas  77  0.095  0.000 0.280  91%   
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Table S2: The flagellate diversity within temperate central Europe. Taxa results after BLAST 
results for flagellate taxa returned when single hits for unique individual reads (UIRs) were 
annotated at the ≥97% sequence pairwise identity cut-off. UIRs were binned to the closest 
accession number (OTUs) and grouped within each Biodiversity Exploratory site 
(Schwäbische Alb - AEG, Hainich-Dün - HEG, Schorfheide-Chorin - SEG). 
 
        Biodiversity Exploratory site    
 Supergroup Class OTUs AEG HEG SEG   
         
 Alveolata Apicomplexa_X 15 126 158 104   
  Dinophyceae 4 18 35 26   
  Perkinsida 2 7 12 11   
 Apusozoa Apusomonadidae_Group-1 3 29 52 52   
 Archaeplastida Chlorophyceae 34 55 128 87   
  Chlorophyta_X 2 1 17 1   
  Pedinophyceae 1 0 0 1   
  Trebouxiophyceae 46 168 414 140   
  Ulvophyceae 5 13 44 12   
 Hacrobia Centroheliozoa_X 3 2 2 4   
  Telonemia_X 1 0 0 7   
 Opisthokonta Choanoflagellatea 5 11 5 15   
  Filasterea 1 6 0 1   
  Ichthyosporea 5 67 39 36   
 Rhizaria Cercozoa_X 4 41 41 47   
  Endomyxa 5 53 59 63   
  Endomyxa-Phytomyxea 15 65 106 74   
  Filosa 2 1 3 7   
  Filosa-Granofilosea 14 51 88 114   
  Filosa-Imbricatea 19 173 201 225   
  Filosa-Sarcomonadea 175 992 1342 1447   
  Filosa-Thecofilosea 11 79 79 75   
 Stramenopiles Bacillariophyta 5 8 27 10   
  Bicoecea 3 2 6 15   
  Chrysophyceae-Synurophyceae 56 339 408 627   
  Eustigmatophyceae 1 4 16 7   
  Hyphochytriomyceta 1 17 21 23   
  MAST 4 17 7 26   
  Oomycota 35 315 251 220   
  Stramenopiles_X-Group-3 1 3 0 0   
  Xanthophyceae 21 54 131 73   
         
  Total OTUs: 499      
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Table S3: The flagellate diversity within temperate central Europe. Taxa results after BLAST 
returned single hits were equated at the 99.7% sequence pairwise identity cut-off, binned to 
the closest accession number (OTUs) and grouped within each Biodiversity Exploratory site 
(Schwäbische Alb - AEG, Hainich-Dün - HEG, Schorfheide-Chorin - SEG). 
 
          Biodiversity Exploratory site     
 Supergroup Clas Species OTUs AEG HEG SEG   
          
 Alveolata Apicomplexa_X Gregarines_XX sp. 3 11 6 9   
   Monocystis agilis 1 7 18 13   
  Dinophyceae Gambierdiscus australes 1 1 5 12   
   Lepidodinium chlorophorum 1 1 0 0   
 Apusozoa Apusomonadidae_Group-1 Apusomonas proboscidea 2 16 28 29   
 Archaeplastida Chlorophyceae Bracteacoccus minor 1 2 7 2   
   Bracteacoccus sp. 4 5 15 7   
   Chlamydomonas meslinii 1 0 2 0   
   Chlamydomonas noctigama 1 0 0 2   
   Chlamydomonas sp. 1 0 5 1   
   Chlorococcum sp. 1 0 1 2   
   Chlorococcum tatrense 1 0 1 2   
   Chloromonas subdivisa 1 3 3 2   
   Chlorosarcinopsis delicata 1 0 1 1   
   Coelastrella oocystiformis 1 0 1 2   
   CW-Chlamydomonadales_X sp. 4 3 5 10   
   Cystomonas sp. 1 3 1 2   
   Deasonia granata 1 0 0 2   
   Desmodesmus sp. 1 0 0 3   
   Dictyococcus varians 1 1 3 0   
   Fasciculochloris boldii 1 2 0 2   
   Heterochlamydomonas lobata 1 0 6 2   
   Oocystis sp. 1 17 13 12   
   Pseudomuriella engadinensis 1 2 5 0   
   Tetracystis aplanospora 1 0 2 0   
   Tetracystis pampae 1 0 2 0   
   Tetracystis sp. 1 1 1 2   
   Tetracystis vinatzeri 1 6 11 5   
  Chlorophyta_X Scotinosphaera lemnae 1 0 4 0   
   Scotinosphaera sp. 1 1 10 1   
  Pedinophyceae Pedinomonas minor 1 0 0 1   
  Trebouxiophyceae Apatococcus lobatus 1 6 10 3   
   Auxenochlorella protothecoides 1 11 16 11   
   Auxenochlorella sp. 1 1 7 2   
   Chlorella mirabilis 1 8 8 0   
   Chlorella sp. 1 0 0 3   
   Chlorella vulgaris 1 3 3 3   
   Chloroidium ellipsoideum 1 21 23 10   
   Coccomyxa sp. 1 0 2 0   
   Diplosphaera sp. 2 4 13 4   
   Elliptochloris sp. 1 2 0 0   
   Elliptochloris subsphaerica 2 7 11 5   
   Leptosira obovata 1 1 6 3   
   Lobosphaera incisa 1 0 2 0   
   Marvania sp. 1 8 36 4   
   Muriella terrestris 1 11 35 7   
   Myrmecia astigmatica 1 0 8 2   
   Myrmecia sp. 1 1 5 1   
   Nannochloris bacillaris 1 0 1 2   
   Neocystis brevis 1 13 24 12   
   Parietochloris alveolaris 1 0 0 5   
   Prasiolales_XX sp. 2 1 5 5   
   Pseudococcomyxa sp. 1 1 5 0   
   Pseudostichococcus monallantoides 1 8 18 12   
   Raphidonema nivale 1 2 5 3   
   Stichococcus sp. 3 6 11 5   
   Trebouxiophyceae_XXX sp. 1 1 4 0   
   Trochisciopsis tetraspora 1 2 16 4   
   Watanabea-Clade_XX sp. 2 10 18 6   
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Table S3 Continued        
       
 
Biodiversity Exploratory site   
 Supergroup Clas Species OTUs AEG HEG SEG   
          
   Watanabea reniformis 1 1 2 0   
   Xylochloris sp. 1 1 7 1   
  Ulvophyceae Planophila sp. 1 10 13 3   
   Trichosarcina polymorpha 1 0 4 0   
   Ulothrix zonata 1 2 13 4   
 Hacrobia Telonemia_X Telonemia-Group-1_X sp. 1 0 0 5   
 Opisthokonta Ichthyosporea Anurofeca sp. 1 27 15 18   
 Rhizaria Cercozoa_X Cercozoa_XXXX sp. 1 8 3 6   
  Endomyxa Leptophryidae_X sp. 1 0 5 0   
   Platyreta germanica 1 0 2 0   
  Endomyxa-Phytomyxea Plasmodiophorida_XX sp. 1 0 2 1   
   Polymyxa graminis 1 13 20 14   
  Filosa Filosa_XXX sp. 1 0 1 4   
  Filosa-Granofilosea Limnofila anglica 1 2 3 3   
   Limnofilidae_X sp. 2 4 11 11   
   Novel-Gran-6_X sp. 1 1 10 8   
  Filosa-Imbricatea Spongomonadidae_X sp. 1 2 0 8   
   Spongomonas solitaria 1 0 2 0   
   Spongomonas sp. 1 2 0 3   
  Filosa-Sarcomonadea Allantion sp. 1 3 3 3   
   Allapsa sp. 1 2 1 2   
   Allapsidae_X sp. 1 6 31 18   
   Bodomorpha sp. 2 3 9 6   
   Cercomonadidae_X sp. 1 33 25 22   
   Cercomonas elliptica 1 0 1 2   
   Cercomonas fastiga 1 4 5 9   
   Cercomonas media 1 14 9 11   
   Cercomonas plasmodialis 1 11 20 22   
   Cercomonas sp. 14 93 107 139   
   Eocercomonas ramosa 1 2 2 6   
   Eocercomonas sp. 2 4 5 5   
   Filosa-Sarcomonadea_XXX sp. 2 1 4 6   
   Flectomonas ekelundi 1 1 0 1   
   Group_Te sp. 1 0 2 0   
   Mollimonas vickermani 1 2 12 6   
   Nucleocercomonas praelonga 1 3 3 2   
   Paracercomonas ambulans 1 0 8 8   
   Paracercomonas astra 1 8 2 9   
   Paracercomonas compacta 1 18 26 25   
   Paracercomonas elongata 1 2 1 1   
   Paracercomonas minima 1 4 1 1   
   Paracercomonas oxoniensis 1 0 0 2   
   Paracercomonas paralaciniaegerens 1 1 0 4   
   Paracercomonas sp. 5 33 25 39   
   Sandona aporians 1 3 14 6   
   Sandona sp. 12 16 28 26   
   Sandonidae_X sp. 10 23 53 32   
 Stramenopiles Bacillariophyta Raphid-pennate_X sp. 1 0 2 0   
  Chrysophyceae-Synurophyceae Chrysophyceae-Synurophyceae_XXX sp. 2 12 14 26   
   Clade-C_X sp. 18 128 161 207   
   Clade-D_X sp. 1 2 0 2   
   Clade-H_X sp. 1 0 0 3   
   Pedospumella encystans 1 22 23 22   
   Spumella sp.  4 46 43 43   
   Spumella sp._strain1 1 0 9 13   
   Spumella vulgaris 1 38 43 42   










          





Table S3 Continued        
     Biodiversity Exploratory site   
 Supergroup Class Species OTUs AEG HEG SEG   
  Eustigmatophyceae Eustigmatos vischeri 1 4 15 6   
  Hyphochytriomyceta Hyphochytrium catenoides 1 14 16 21   
  Oomycota Haptoglossa sp. 2 17 12 18   
   Lagenidium sp. 1 0 0 1   
   Phytophthora drechsleri 1 3 0 4   
   Phytophthora iranica 1 2 0 0   
   Phytophthora megasperma 1 0 0 2   
   Phytophthora sp. 1 19 1 0   
   Pythiopsis cymosa 1 5 0 0   
   Pythium attrantheridium 1 37 2 23   
   Pythium glomeratum 1 25 2 25   
   Pythium macrosporum 1 2 0 1   
   Pythium monospermum 1 1 2 3   
   Pythium rostratifingens 1 4 0 5   
   Pythium takayamanum 1 17 0 1   
   Pythium viniferum 1 7 0 7   
   Pythium volutum 1 5 0 7   
  Xanthophyceae Botrydiopsis callosa 1 0 1 3   
   Botryochloris sp. 1 0 2 1   
   Chlorellidium pyrenoidosum 1 0 1 1   
   Chlorellidium tetrabotrys 1 8 16 7   
   Heterococcus caespitosus 1 4 12 0   
   Heterococcus pleurococcoides 1 8 15 9   
   Xanthonema tribonematoides 1 0 1 2   
   Xanthophyceae_XXX sp. 1 3 3 0   
          
   Total OTUs: 218      
                    
 
  





Fig. S1: Maximum likelihood (ML) phylogenetic tree pruned to represent the Metabolomonas, 
Nucleomonas and Paracercomonas clades indicating the affiliation of 266 full length reference library-
derived GenBank (August 2017) and 330 partial environmental unique individual reads (UIRs) 
sequences for the V4 region of the 18S rRNA gene; 569 sequences; 2939 positions. The backbone 
tree (101 sequences) is derived from a Cercomonas and Eucercomonas gene library tree by Bass et 
al. (2009). ML bootstraps, produced by 1000 replicates in RAxML, are indicated by the size of the 
black filled circles, all greater than 50%. Horizontal barcharts at the tips of leaves in the ML tree 
indicate the cluster size at the relative pairwise identity cut-off levels (≥80%, ≥97% and ≥99.7%) 
included in centroids. Heatmaps associated with leaves in the ML tree indicate the presence/absence 






The general aim of this dissertation was to increase the understanding of protist diversity and 
community structure in temperate grassland soils of Germany within a mesoscale using High-
Throughput Sequencing (HTS). Community structure was analyzed along gradients (e.g. 
geographic separation and land-use intensity [LUI] index) and species role-players identified 
based on their 18S rRNA gene barcode association with the closest protist reference sequence 
in the curated Protist Ribosomal Reference (PR2) database. 
We developed a unique pipeline to determine ecological patterns and protist 
community structure and discovered that the interpretation of HTS results were analysis-
biased regarding protist richness and diversity (Chapter 1). Results further support the 
expectation that low database representation led to result biases (e.g. Hacrobia, Excavata, 
Apusozoa), because even unexpected, mostly aquatic taxa (e.g. choanoflagellates, MAST-
12C), could be discovered across all of the mesoscale grasslands. Typical soil protists (~35% 
rhizarians, ~28% alveolates, ~18% stramenopiles) were uncovered, although most data 
consisted of rare taxa with low abundance and undersampling could not be excluded using 
HTS and a large number of samples. By extension, the hypothesis in support of a dominant 
alveolate rather than rhizarian presence in soils could be confirmed. 
Furthermore, results depended on whether pyrotags (also called Unique Individual 
Reads - UIRs) were directly analyzed or clustered to a database close centroid sequence 
(closed-reference-clustering) and the level of sequence similarity inclusion value. Due to the 
method used we often refered to the term pyrotag and UIRs interchangeably to optimally 
explain difficult concepts. Most sequences were database close in that only 11 OTUs were 




matched to a reference sequence over the full length of the query sequence (100% query 
coverage). On the other hand, we could confirm our hypothesis that a large unknown diversity 
was present, because less than 1% of the UIRs could be matched with 100% to a protist 
reference sequence. Unknown diversity (low pairwise identity) as well as unresolved and 
uncultured environmental reference sequences were ever present (20%), in which case 
affiliations to known taxonomic lineages was only possible by phylogenetic means.  
 Contrary to what we hypothesized, mesoscale separation indicated more similar 
communities than local plots, and a taxa-area relationship typical to land plants and animals 
(slope of the relationship z-value: 0.1 – 0.3) and not as that of other microorganism like 
bacteria and fungi (z-value: 0.02 – 0.08) was observed. This result confirmed our hypothesis 
that geographic separation can lead to semi-endemicity and challenges the ubiquitous-
distribution-due-to-small-body-size hypothesis (Foissner 2006). This was confirmed by some 
organisms being exclusively and highly present in some biodiversity exploratory sites only 
and others being present across continental scales, while no ubiquitous UIR or OTU could be 
identified. Geographic separation and not LUI indicated more overlap in similar species. The 
disrupting effect of land-use (fertilization, mowing, livestock grazing) influenced biodiversity 
differently to what was hypothesized, in that diversity increased with increasing LUI and 
became less homogeneous. The increasing non-overlap between biodiversity exploratory sites 
raised the suspicion that rare taxa may provide a multifunctional response mechanism to the 
detrimental effects of increased LUI. 
Protists (bacterivores) were included alongside eleven other above- and belowground 
trophic groups, to study the multitrophic diversity and community structural changes to land-
use (Chapter 2). Because even study sites associated with small increases in LUI indicated 
homogenization of both above- and belowground communities, the first hypothesis could be 
confirmed – the point of change being medium LUI. We could also confirm that changes in 




dissimilarity between sites), and that the effect of land-use was different for below- and 
aboveground communities. Aboveground communities were more sensitive (better indicators) 
to changes in land use, where belowground trophic groups responded slower. 
 Unexpectedly, the α-diversity increased for belowground communities (including 
protists) as opposed to aboveground communities with increasing LUI. As hypothetically 
expected, the β-diversity between trophic groups decreased at higher LUI, most probably due 
to a loss of specialist species, which may have been caused by homogenization, suggesting 
changes in the trophic structure. The mechanism seems however complicated, because 
independent of the aboveground communities, species composition belowground was 
homogenized, reducing β-diversity, without reducing α-diversity. The opposite effects of LUI 
on belowground compared to aboveground community structure did not conform to the initial 
hypothesis, and was altogether new to multitrophic community understanding. In short, we 
confirm our hypothesis that β-diversity was reduced in the multitrophic communities, but 
belowground α-diversity was less affected by LUI as compared to aboveground communities. 
Compared to common species, rare species with low abundance more effectively 
increased biodiversity and so promoted multifunctionality (Chapter 3). Where increased land 
use led to decreased diversity and therefore to decreased ecosystem functioning, especially 
common species diversity declined – confirming the importance of the diversity of common 
species. Common species were however only associated with intermediate (not highly) 
multifunctional capacity, due to their abundance-related effects. Because increased levels of 
LUI led to a decline in species abundance, we discovered that the rare species must be 
responsible for the increased capacity for delivering multiple ecosystem functions 
(multifunctionality), contradictory to our first hypothesis. We speculate that rare species are 
less redundant in their functional traits than common species and therefore become 
functionally more important to sustain multiple ecosystem functions. In contrast, the second 




will decrease with increased LUI due to functional compositional changes. But this was only 
true for aboveground trophic groups, since belowground trophic groups (including protists) 
were less influenced by anthropogenic disturbances. The third hypothesis which states that 
aboveground organism diversity is a stronger predictor of ecosystem multifunctionality, could 
therefore be confirmed. More specifically, the aboveground rare species were often related to 
the highest levels of multifunctionality, but also extremely sensitive to anthropogenic 
disturbances, which made them important indicator species for high multifunctionality. 
Conclusively, this last statement also agreed with our final hypothesis, where 10% of the 
species tested could function as indicator species in natural ecosystems, due to their individual 
influence on the general ecosystem and providing multiple functions across the 14 
investigated ecosystem functions. These indicator species were present across multiple trophic 
groups and signal LUI changes by their abundance changes. 
When regarding all trophic species diversity contributing to multifunctionality, and not 
just single trophic groups, then filling the gaps in ecosystem services becomes a concerted 
effect (Chapter 4). A study of the relationships between species richness and abundance 
across nine trophic groups indicated that a multitrophic richness, rather than any single 
trophic group, had a stronger impact on altogether 14 ecosystem services. This relationship 
remained the same, even when the diversity was negatively affected by increased land-use. 
The differences in variance explained by multitrophic richness and abundance, compared to 
LUI and environmental services indicated that high species richness in multiple trophic 
groups could best explain high level ecosystem functioning. This was however not the case 
for abundance, since the abundance of particular trophic groups can negatively affect the 
ecosystem functioning of others. Variance in ecosystem functioning was more robustly 
explained by multitrophic richness and abundance, than by environmental abiotic conditions 
and increased LUI. Therefore, diversity is an extremely strong support mechanism for 




responsible for positive variance in multitrophic richness and abundance on grassland 
functioning, especially regarding changes in provisioning services and regulating services. 
Negative variance with regards to supporting services may be due to the fact that 
belowground organisms respond slowly to aboveground land-use impacts. In agreement with 
the previous study, this study emphasizes the importance of aboveground trophic groups to 
maintain ecosystem functioning. 
In order to study the biodiversity of the small protistan life forms, a combination of 
techniques is required (Chapter 5). This becomes extremely evident when the aim is to gain 
high resolution quantitative and qualitative information. Ultimately, a combination of culture-
independent (molecular next generation sequencing - NGS) and culture-dependent methods is 
required. For surveys covering large samples numbers in a mesoscale size sampling area, such 
as the present study, DNA-barcoding recovering genotype fingerprints of protists present in 
complex soil samples, becomes a more viable option. Some unresolved issues with regard to 
NGS make quantitative analyses less accurate, therefore the focus during analyses was drawn 
exclusively to presence-absence data. In such instances, a combination of two molecular 
techniques or multiple markers may become useful in elucidating the shortcomings of the 
other. 
One of the issues, when using HTS for high resolution qualitative information became 
more visible when specific dominant ciliate protists, known to be well studied in central 
European soil, were analyzed (Chapter 6). The issue of discrepancies between morphological 
data information and the reference sequences for lineages in the PR2 database was analyzed 
for the first time, and gave an overview of the magnitude of the problem. First, only a third of 
the morphologically described species had a reference sequence deposited in the molecular 
database, for the most studied ciliate taxon – the Colpodea. Ciliate flagship species were not 
detected in the magnitude as was expected. Only a third of the discovered morphospecies 




leading researchers in the field (e.g. Chao et al. 2006; Foissner et al. 2008). Phylogenetic 
relationships for this monophyletic taxon remaind monophyletic even when pyrotags were 
included with full length reference sequences in phylogenetic analyses. What was not 
expected was the very few (~1%) exact matches of pyrotags to morphologically described 
flagship ciliates from this region, therefore our first hypothesis could not be accepted. Eight of 
the ten most abundant pyrotags rather associated with other uncertain environmental 
sequences discovered in very distant sites (e.g. Greenland marine Arctic sediments) and even 
more unknown lineages (at <97% pairwise identities to reference sequences) were uncovered. 
Phylogenetic resolution of the pyrotags revealed that well described taxa (Colpoda steinii and 
Colpoda inflata) and even their gene variants could be differentiated. Even though the 
richness of species discovered (roughly 175 taxa) was similar to that in other soil studies 
(Esteban et al. 2006; Acosta-Mercado & Lynn 2004), a three to eight times higher 
microdiversity for uncovered taxa could be discovered than described taxa matches in the PR2 
database. These results made detecting ecological gradients for taxonomic groups difficult. 
Even though strong ecological gradients were present (e.g. soil water content and soil type) 
less conclusive results were obtained, especially for the many taxa less well represented by 
the PR2 database (e.g. Heterotrichea, Prostomatea and Nassophorea).  
To prove how accurate our discovery of the heterotrophic flagellate “dark unknown 
diversity” in soil is, we had to first prove the recovery rate of morphologically described 
species, isolated and cultured from the same grassland sites (Chapter 7, first part). Knowing 
that gaps exist between molecular database reference sequences and that most HTS retrieved 
pyrotags are from the rare biosphere, we accepted the challenge of accurate diversity 
reporting. Here, we proved for the first time the recovery rate for ten cercomonad species 
hidden between the rare species with low abundance in environmental samples. Putting the 
pyrotags for these cercomonad species in a phylogenetic tree with other cercozoans, indicated 




variance would have been masked in OTUs by clustering and could have concealed this 
hidden diversity within OTUs. A further large hidden diversity was uncovered, where UIRs 
associated with unresolved, unknown environmental sequences and some even forming new 
clades in phylogenetic trees. We accepted the hypothesis that species isolated at the site of 
discovery would have a higher recovery rate than those from further away, because the 
recoverable species are usually among the rare taxa and their recovery is method specific. 
Only when the resolution or method is set, is it possible to determine their distribution in the 
mesoscale. 
The robust method, however, made it possible to not only discover typical grassland 
and soil species with high distribution (Mollimonas vickermani, Neoheteromita globosa), but 
also the rare taxa (Apusomonas proboscidea), all probably freeliving heterotrophic flagellates 
(Chapter 7, second part). Deep phylogeny with high support values were not possible for 
typical abundant (the cercomonad group Sandona) and rare taxa (apusozoans, 
choanoflagellates) in soil, hence no ecological associations could be deduced based on 
phylogenetic relationships and their recovery in soils (e.g. occasions of gene transfer or the 
occurrence of typical marine clades). Unexpectedly, some typical aquatic flagellates, rarely 
discovered in terrestrial habitats were also uncovered (choanoflagellates), as well as some 
taxa with little ecological and morphological investigation regarding their occurrence in soil – 
the bicosoecids. Collectively, the known diversity makes up only a small part of the large 
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